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ABSTRACT
Fluvial meander studies fall into three main areas:
. form description, process analysis, and regime and hydraulic
geometry studies; All these approaches share the problen of
handling variables such as discharge ani 'Siﬁuosity, and
therefote statistical methods are commonly used.

Some cave passages show similar planform tc¢ surface
meapders,, although bedrock fractures may limit  free
development. Cave Imea;dersvare surveyed 1n Iréland énd Néu
‘Zéaland by‘direct discretisation of the"channel' centreline
into equal-length segments. Nine bearing series are
' produ¢ed. width, gradient And transverse erosional ﬁérks
(scélldps) aré measured in the 1Irish caves and fracture
location and axis iﬁformétion from New zealand:.

The déta are transfofmed intoAcurvatufe and ‘cbéhge in
'cgixa%ﬂfgf/;;J differéncings It is show@.that statistiéal
tests <can @not be used  £ov’ compare the orientat}oﬁ
distributions .of ‘the passage and fraétures. The curvature .
distribution is poséiblf more ;eptqkurtic in caves wvwith
fracture coﬁtréi.' Bearing distribgtiohs alld;l direct
caléulatioq of sinuosity' frcm the'-series " mean vector-
stfength. In addition, .ch:véture ,éna ch;nge iﬁ curvature
“sinuosity <c¢an be :calcdléted to 'prbduee a powerful
description of planfornm. T

“#In order to determine meander form, runs of sigmn of

curvature are defined as "individual bends"™. The nmethod is

iv



contidgenf on a small sampling. interyul foi successful
resolution, but genetates results loosely gompatible with
earlier studies. ‘The meander wavelength 1s found to bw
inverse%y related to stream width. H;dth is dependent on
'chemical‘vaggtvssiveness in the cave envitonnent, Sediment
may enhanee or subdue erosion .depend;ng on"the“ former's
activity. Boulders protecting the cave rloor frcm solutlon

lead to greater width. Downstreanm decrease ' in helght and

width 1is a result of chemical saturation. Other aspects of-

o

form are considered to Tesult from past changes in
' a .
hydrology. T o —
‘Scallop length is . interpreted in terms of flow

velocity, and acceptable results produced. Scallops -cover

walls and floors in places, and are assumed to represent

-

dominant erosional velocities. Scaliop-fofming discharges

are tentatlvely derived through the Manning equation, and

although the regﬁizsﬂghou lovw flows to be of importance--in»

swallet streams, and higher stages in percolatlon streams,
the attendant calculation of depth is éntlrely unrealistic.
Harkov models are investigated and found to be of form
significance, ; especially “in the changes occurring in
.tfansformatibn;.Spectral analysis is rejected im teras of
classical‘ﬂethods, but found‘pelpful in compafative studies.
cave wmeanders show an increasing sinuos;ty&and=complexity(

and a downstrean translation of bends during evolution.

s
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’ ? ~ INTRODUCTION

The task of formulating laws in geomorphology does not
lead 1tself to precisioﬁ, for it 1is e;sier fo generaiiée on
“the nature of the laﬁdscape; than to precisely define its
component forms and processes. River meand%rs present a
possible‘exception‘td this argument, for ‘they Are widespread
in. their occurrence and apparently regular in their fbrm.
Such homogeneitf. implies that a law of some kind governs
their form. The séarch for such a law has sof—far succeeded
only in illustrating the~com§lexity of fluvial processes and
the multivariate nature of the problen. v

Flowing water Apeanders,on é wide range of substrates;
alluvium, bedrock and ice. Outside the constraints of a
confining chaﬂnel, the Gulf Stream and swall trickles of
water both exhibit é.meandering form.

* The present work 1is concerned‘ with the apparently
meandering forn of un@erground strean passéggs in liméstoner
caves. These have been observed in botp'vadose and phreaﬁic
passages,1 although‘ 'the : lat}er" are not cOnside:ed

specifically here.

Cave streanms develop through the interaction of both

*



solutional‘ and mechahica} erdsion, and their erosional
processes, thererore, may be drawn from'both the bedrock and
supraglacial cases; The bedrock environment 1is hetero-
geneous, both 1in lit@ology and fraqture-distribution, and
the constraints this 1iposes on meander form are unknown.

Cave meanders are unique, 1in that as downcutting
. proceeds earlier channel forﬁs are preserved in the walls or
the cave. It is therefore possible to determine t?e change
in form over (relative) time and to study the evolutionary
.pattern of the.meanders.

Finally, ‘boundary-layer. turbulence betﬁeen aggressive
(éorrésive) water and limestone produces a mosaic of scallbp
forms on theé rock. The scale of these forms is inversely
related to water velocity.v This allows some tentative
hydraulic interpretations to be  made concerning cave

streams.

The purpose of this thesis is to consider the above
mentioned problems'in cave geometry and to investigate these

features in the context of previous work on stream meanders.

Footnote:
1. See Monroe (1970) for a glossary of karst terminology.

(A1l footnotes are located at the end of the appropriate

chapter.)
}

\



CHAPTER II

THE CONTEXT OF THE THESIS

There has not yet been axlogical,account of why rivers

4

meander and any formal explanatioq’seems contingent on an

improved understandiﬁg of fluid mechanics. Instead, research

has been addrgssed to.the_problemvof'gg! a riier meanders;

such as description of chahnel form, -’ and the nature of

-procééses observed in meanders. This provides a valuable
. 4]

data - base for the evaluation of subsequent explantions of

meandering. -~

(1) Planfo;m Description

‘Bates (1939), Chately (1940), Prus-Chacinski‘(1954) andv
Chitale (1973) described meandering channels as combinationé
of circuiar segments, é.method¢uhi¢h may be supplemented gy'
the wuse of 1linking tangents {Ippen and Drinker 1962, Yen
1567)._Leopold and Wolman (1966) and others have suggested'a
sinusoidal approximation to7rivér»form. JThis_ uasv improvéd
upon by Langbein and Le0p;ld's (1966) proposal of the sine-
genéfated curve. The distribution of curvature elements
alang a river channel vas vaSsumed to be normally
disfributed. The model waS'associéted with ja random. walk

concept 4of meandering and has been important ~in the



-

statistical school of river description, which is discussed

later.

Ferguson (1973b, 1976) "has compared several

.

_m;thematicél models for meander 'plaﬂform, drawing on one
paraﬁétér for scale and one for slope. He found the models
apprdpriate cnly for individuél meanders and unaplé to
encéhpass ndtural variability 1in form unless some random
disturbance uaés added' -to the modei. The sinuosity of
_diréctiOD variance of a river chénnel is émbiguéus in
isolation, but Ghosh and Scheidegger (1971) proposed the
deggee of wiggliness, uhich.haIIOUE, a more complete
deécription' of planform. 'The. character;sa;ion of river

planform is possible using spéctr;l' techniques, the

"methodology of which is discyssed below. ;?

3

(iif‘ﬁydraﬁl;g Geometry aﬁd Regihe Anaijsis.
The term regime here refers to the relationship between .
-measﬁrable variables of a river in . equilibrium or whose
", ..average béhaviour' doés "not ' change greatly over small
periods,qffhistoiic timé"ﬁ(Blench, 1957). It is not to be
confused with "Eegime" meaning variations in flow with time
(Chitaie, 1976).‘§egime analysis relates ‘to,/the behaviour
nd design of artificial éhanqels such as irrigatioh canals
(- nnedy 1894, Lacey'1g29,1933, Inglis 1941,19a9i.
natural equivalént of a regime‘canal is a river in
ec . ‘n., The form of a ‘river is described by its

aydr -~zome .”y. (f~ander planformn paraﬁeters are defined’
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in -Figure 1.) Studies of hydraulic geometry (eg. Leopold and
Maddock 1953) are concerned with the relationships between
hydraulic and Jeometric variables. Leopold et al (1964)

employed the method to characterise the downstream behaviour

t

of individual rivers and tc ccmpare these properfies for
different rive:s‘ and regions. The findings of both schools
have been generally compatible and‘are,treated as such here.
Bates (1939), Inglis (1947)  and Leopold and Wolman
(1957, 1960) - found correlations between the scalé
(vavelength) of meanders and stream uidtﬁ, radius  of
curVatufe, and discharge. Width. ié not indépendent of
discharge uhich is the major indepeqdent hydtaulic variable
(or catchmeht area, its Surrogaté), although width is faf
more conveniently meésured.’ |
| Slope has.been lodked.upon as an independent variable
‘(Friedkin 1945, "~ Carlston 1965, Richapds 1972),'althoughn
erosion and aggradation are clearly capable of altering its
value 1in a sedimentary system. (fhe ﬁeaning of independencg

is itself éubject to time-scale constraints, Schumm and

r
3

Lichty 1965.) - Schumn (1967), _Bsing field examples, and
Ackers and Charlton (1970a,b,c) working with a large flure,
found gradient wunimportant in determining meander scale,

-

although stream cross-sectional geometry has been related to
[y

slope (eg. PRark 1976).
‘The _other major independent variable is material
" (Schumm 1963, 1967), and its qofactor, vegetation. Smith

(1976) noted the additional strength imparted to noncohesive
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bank material by vegetation. Schumm found that streams with

a highl‘silt-clny content in.their sediment load generally
exhibited‘smaller meander uavelengths than streams carrying
a larger calibre of material. The two types are divided by
the overall nest;fit regression' line. This implies ' that
erosional and transportational processes may be a major

mechanical factor in determining meander scale.

(111) In_e' Problem of Variables,
A major problem in the field measurement of geomorphic

phenomena 1is their inherent variability in time and space.
This. 1is generally dealt with by assuning‘random vdria‘lliry
about some measure, usually'.the"mean. A large sanple is
desirable because the sample pzrameters must generally be
assumed to be those of the parent population. Data are
seldom normally distributed and logarithmic transfornation
is common./ |
Sa;pling problems ‘are both pracrical and statistical.
‘It is generally 1mp0551ble to achieve experimental oontrol
in a 51tuat10n and this results in multlvarlate problems.
Also, in gathering a large sample, problems of stationarityl
‘(YereVlCh 1972) and Spatlal dependence (Cllff and ord 1972)
‘are encountered. These probleams are connonly 1gnored in’ the
interests of obtalnlng a large volume of data.

If a variable is to be ass;gned a flnlte falue v(ie.
become a constant), it lsv inplied ‘that this - value is

-

representative. This process often ignores the *higher
-~ ’ — ' ' '



moments of_the daté and any polymodality therein.

Langbein (1963, in Leopold et al 1964, p271) has
classified certain hydgaulic variables‘, into dependent
(deustable) and independent (givén) catego?iés. Although
empirical relationships, such as power laws, may be applied
to these vagiables, no substantive interpretations can be
made. For example, the equations are .often dimensionally
uneéuated (eg; Table 1}. Problems associated with some of

_these variables are briefly reviewed belows

{a)- Discharge

Discharge is ‘a majoi variable component of the fluvial
system and its descriptibn.depénds largely on the context in
which it is employed. Jefferson (1902) used the mean annu;l
discharge, but later work ‘sougﬁx some  morphologically
'significant aischarge wvhere \{Q" éﬁuilibrium is most cloéely
approached = and tendency to Change is leasf. This’condition
may be fegarmed as the "integrated effect of ai_ varying
conditiOns over a.long period of time" (Inglis 19 i;. There
are no iogical, temporal criteria for defining a
: morphologically' dominant discharge. Attempts (to definé a
dominanf Aiéchafge in floufduratipn terﬁs havé been made.
Stall and Polk (1968,. in paniel 1971) found. that the 10%
fiow duration -was most afpropriate in explaining  hydraulic
geome,ry. Daniel (1971), on the basis.ofvunsupported travel-

¥
time considerations, used all discharges above average to

<

define'channel—forming discharge



The absence of any htheoretical basis for defining
dominant disc?arge, along with difficulties’ inA the
application of controlled regime work to natural, temperate
cpnditions, led Nixon.(1959) to determine the frequency of
pahkfull diécharge in Britain. Bankfﬁll discharge was
assumed to. represent the optiﬁum dischargefin a channel,
while both overbank and‘lpu tlcws represented a state of
d;sequilibrium. Nixcn deter@ined a fecurrgncé interval of
csix months for such a flow. He was careful to poiﬁt(out the
reéidhally-dependenf nature of ;ariables such as sediment
transport, which rendered his wprk geogrgphicallj specific.
Leopold, Wclman énd Miller (1964) found a recurrence
iqterval of one to two years for the bankfull . discharge of
Aherican’ rivers. Their conclusions were based on a wide
scatter of data‘-.and any interpretations mﬁst be -
¢orre§pondfngly géneral (Kennedy 1972). -
) Cirlston's (1965) review of “... the relation of free
meander geometry to stream discharge...". attemptéd to
determine the wmost suitable discharge parameter from a
"series of regressions. A discharge between mean flow of the
month of . maximum diséharge and thé mean annual dischatgé’
proved most,sﬁitable. He. noted a hysteretic,effecﬁ in which
a fall&ng-stage.flov vas more inportant in erosion than fhev
éame .flow at rising étage,  due ' to ;nc#eased veakness
folrbving vetting of tbe(bank. His définition'of doniﬁant
dichargé is impottant;aé itfnaf possibly be valid in a range

of climatic regions and, therefore, could accomodate a wider



range of data. | e

Ackers . and - Charlton (1970a, b) developed earlier
experimental\ york ~in 'flqmes {eg. Tiffany and Nelson 193y,
Matthes 1941, Quraishy 1943, Friedkin l19u5; Ackers 1964),
investigating the importapce of wvarious parameters under
controlled conditions. By establishing discharge—heander
wavelength relationships under steady flow, they were able
to determine the dominant disgharge for the finite meander
forms developed unde§’ cdnditions of vérying flow. This
essentlally exteﬁded ﬁlench's (1951) definition of doﬁinant
dischafge as "... the steady discharge that vould produce
the'sqme result as the actual varyihg  d;scharge...", to
rlume piocedures; Bankfull flow was found foibe thg dominant
discharge. It was 'arguéd that meander wavelgngth was the
most consefvative feature of the river channel, compared to
depth, /bedforms, or width, and thus it was a response to
some iong-terq measure bdf flow. The_pattern of discharge and
the sédimént régime .of the river in queStion W also’
émphasised.

These findings confi;ped"fhose of Hd}pag and Leopold
(1957}‘uho had conciudedAthat within-channel processes uefe
more .ihportant than'oierbank processes, becaﬁée floodplain,

‘sedimentsvwere generally ﬁot those believed to ﬁe derived
from overbank floods. Similarly, Wolnén and Miller's {1960)
Statement fhat flovs less than overbank were dominant in
gfluvial 'geonorﬁhology was endorsed. However, Stevens et al

(1975) claimed that in certain disequilibrium rivers,
N . _
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channel altera£ion was directly related to the magnitude of
a particular flood é;ént.‘

In alluvial ieanders,uédjustment of form is achieved by
;he.redis;ribution<ﬁf channel sediment. This, in addition to
the difficulties inherent in defining bankfull or dominaﬁt
discharge (Nixon 1959, Kennedy 1972), led Benson and Thomas
(1966) to su¢ st that dominant d;schafge be  defined as
"..;the dischafge that over a long period of time transports
the mosé sediment." Discharges caiculatéd in this manner
were found to Bave a recurrence interval of some»1.5 months,
which was substantially more fregquent than previous
definitions of dominant discharge., A major criticism of this
definition is. that basin behaviour ;s a whole is monitoréd
(see Kirkby 1971) and a large part of the suspended load
would be’ derived fIOm outside the ri?er itself. Material
défining fiver form-ks\erédéd from banks and bed> and is
’frequently transpoft?d only to the point bgr”imnediately
Ybelow the point of eétfsﬁnyent (Friedkin 19“5', Leocpold and
Wolman 1960,’Hooie {975)-

Blench (1957) had suggested a similar definition of
.dominant discharge pbased lon bedload. Pickup and ‘Harner
(1976) and Pickup (1976).;alcﬁlated that most bedload would
. be moved by discharges with a recurrence interval of from
1.1 to 1.5 years, alth;ugﬁ D.I. Bray (1975) considered two -
years mére apprbpriate. It vwas noted by Pickup and Warner

that discharges responsible for bedload movement were not

important in bank erosion, which was effected by much larger
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tloods. They pointed out that, over tlae, dirferont'doandnt'
discharges are probably reépongible for maximum ratos_’ot
different channel rfrocesses. Tt thé[eforo appeafsi’tﬂat
dominant . discharge 1s also a coamplex ‘quantigy, iho;e
characteristics are determined as much by channel properties
as by the tlow variability.

Cave streams display dissolutional markings, which have
an established relationship to flou(velocity. This may alfow

an estimation of dominant erosional flow rate in a

solutional environment. 1 ,

(b) Wavelength and Sinuosity

Assuming an appropriate definition 6f discharge, the
nature of the river's meandering fore needs defintion.
Jefferson (1902) wused meander belt width, which has
subééquently beeﬂi found independent of flow criteria
(Carlston 1965, Ackers and Cpatlton 1970b). Later work (eg.
Lacey 1933, Inglis 1947) employed the downvalley uavelength
of meanders, a parameter uhichxhas sinée been. widely used
(ege. Leoéold and Langbein 1966). Carlston (1965) peinted out
the difficulties inherent in the ;ield measurement of
meanders and the subjectivity involved in éelecfing a "free"
or well-formed mean.:.,. especially where exceedingly
irregular and'tortuous meanders occured.

Mackay (1963) suggested thé use of spectral analysis in
meander studies and Speight (1965a) employed the teghngque,

recommending it on three premises. He considered that
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suﬁjective choice of "free" meanders might bias results and
that the arbitrary 1linear definitiqn cf wavelength was
mea;ingless. F&fthermore, the possibility of multiple
wavelengths (eg. Jefferson 1902, Hack 1965) was precluded.
(Spectral procedures are described late;.)
The application of spectral analysis (Speight 1965a,
1968) indicated that meander wavelengtﬁ was indeed
polymodally distributed, and therefore could not be
characterised by a mean value. Chang (1969), Church (1972)
and sperare:beth (f97u) al;o applied spectral technigues’for
- meander planform description. Meanwhile, Yalin (1971, 1972),
usiﬂg considerations of turbulence, had predicted the
exfstence of multiple meander wavelengths related by
multiples of fvo pi; Hey (1976) has suggested that four pi
would be a more reasonéble estimate‘for thé factor, although-
Parker and others (1976 pers. comm.) . have questioned the
theoretical validity of Yali@fs work: |
There remain several proklems'in the use- of #pectrél
_3nalysis. Fof exdmple; long éeries of data are necessary
‘h;kich, nevertheless, nmust be drawn "from an homogeneous
section Sf r?yer iithout anj major changes in discharge,
material or environhent along its length (Chaﬁg.and Toebes
1970) . This is a type of stationarity.3 | |
The technique of spectral anal&sis broduées results as
"bdnds" or Claés';anges rather than as finite valués. These
bands are in'the freguehcy domain,‘althpugh they are éaéily

converted to the more familiar spéce domain. These problens,
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together with | difficulties . in dealing :ith sévergl
wavelengths, tend to result in ccuceptual and comparative
difficulties  (Jenkins 1961, Speight 1965b, curl 1972.
pers.comm.) . - |
Furthermore, *spectral analysis“ demands ‘sequentiai,
progressive and, more usually, equal—épaced sémpling of data
values. ft is impossible to represent most rivér meanders in

this way as simple spatial coordinates. Generally, meanders

have been discretised into a series of orientation values of

N

sequential, equa14len§th segments along the changel phalueg
or centreline. The' effect of this transformation from the
cartesian_ system (if any)_ishobscure and ° has only been
explicitly recognised by Surkan and van Kahn (1969) and
Rieger (1976 in abstract). The ‘latter investigated the
_probiem and concluded that it resulted in wavelengths being
calcuiatéd along the channel. Cfoss»spectral analysis of the
X add'f Cartesian co-ordinates gave a similar channel-length
value for wavelength, as well as indicating the displacement
of the bend from the mean flow direction. The data analysed
are generally first order differences of the raw series.
This is the curvature series for the channel and acts _aé a
high-pass filter; thch removés majot ;topographic' trend
from the data. |

Apart from | practical problems ‘' involved f* in.
discretisation, such as informaticn loés (Dyh -Nielsen 1972)

and aliasing2 (Jenkins 1961, Gunnerson 1966), spectral

analysis is a sine and cosine transformation of the
<\
;
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autocovariance of a ngies. The relationship between the
uavelengthsmdetefmined by more conventional techniques and
those obtained by spectral analysis is dnknoun, but has been
assumed to be interpretable (Speight 1965a, Ackers and
Charlton 1970c)..Ferguson (1975) did find thé ‘relationship
between dischérge and domiﬁant spéétral peak to be siﬁilar
to that determined from conventional.studiesi

Hickin k1974 p4d0) pointed out that spectral analysis
considered the total oscillatory begdviour qf a river and,
as such,vwasvunablé to fi;ter naturally occurfing noise.' He
,wentvon to say: ”

...the size of channel tends is often influenced
as much by the nature of natural migration as by

the...meander - vaveleng¥h....  Power spectral
analysis provides _the only effective way to
describe  the  oSZillatory behaviour of a

meapdering channel, but using it to define a’
simpIé index of the meandering scale is an abuse
of the technigque. '

——Qther descriptions of the degree of meandering, suc 1 as -

. sinuosity have been uidely used. Sinuosity may be defined as

the streanm length over the linear disfance between two

points; the topographic sinuosity (Schumm 1963). Other.

workers (eg. Brice 1964; Mueller 1968) have used the
hydraulic sinﬁosity, which is the average lof a hﬁmber. of
topographic‘“sinuosities  from short lengths of channel and
'uhich,remoﬁes 'effects of Valléy curvature (ﬁaggett and
Chorley 1969) . |

Attehpts to classify rivers on the grounds of sinuosit§
‘(eg. Schumm 1963) have not béen:vety suécessful ane to the

’ambiguity of sinuosity (Hey 1§76). Ghosh and Scheidegger
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(1971) proposed tane parameter "degree of wiggliness", a
measure of planform_supplementary to sinuositf. It isv'based
on curvature and, unlike sinuosity, can be used to
distinguish between 1intensely meandering rivers with
generally small wavelengths from large amplitude meanders.
It ‘should be noted that discretiéation shorteﬁs stream
length, which reduces sinuosity. The effect is related to
the ﬁagnitude of the absolute curvatures. Chang and Toebes
(1970) , Thakur and sScheidegger (1970) gnd Ferguson (1977)
pointed out that the variance of a series is also a measure
on the sinuosity. The varianée of directional data should be
calculated as one minus the meah vector strength (Mardia.
©1972), but linear methods have been generally used (ég.
Ferguson‘1977). This has drawn attention to fhe variability
.of sinuosity with direction dispersion, when in fact a

precise relationship exists.

(c) Othe;vVariébles;‘

| The slope of weither the channel or the .valley is
genegaily considered as oﬁerall or average slope. It haé
been established that slope ‘has an important.vbéaring _én

stream fornm (eg. sinuoSity,‘althoqgh apparently hot meander’
scalér. Pools and riffles, straighf and. meandering,u ahd
meahdering and ' braided streams’ are_distinguishable uSing
slope'criteria {Leopold and- Wolman‘ 1957) . Some authors

consider gradient an important variable (eg. F;iedkin 1945,

Carlston 1965, Férgusonb1973é), vhile others  have dJeclared
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it unimportant (egq. Schumm 1967, Ackers and Charlton 1970b) .
Dury (1973b) has pointed out that sinuosity can be related
té valley gradiént,"an“adjustment affeﬁting stream gradient.
”width'and depth have been :generally reduced to mean
values, a;though both are known toc vary dbunstream in a more
or less qom}lex manner which depends upon !bcation,wit@in ;
meander (érush 1961, Dury 1976a), sinuosity (Mackin .1§5§),
and material, aé well as dischagée (Knighton 1974, Richaghs
1976a) .

Grea£§r cqheéion of bank material (percent silt—élay)
has been . found to increase'the Sinuosity of rivers,(Schum;
1963, 1967) . The effect of bedrock on ﬁeanders‘ is diséussed
below. Although a major independent vaé%@ble, the influence
of.matérial on river form is pdorly understood. |

It ‘has' beeﬁ implicit 1in sfudies of rivers that

concealéd,-uithin complex patterns are simple rules. This

means most studies have concentrated on the reduction of
*dat. into the fora ~most easily manipulated. Attempts to
comprehend . the natural situation Tequire complex

'.methodologies and sympathetic recognition of the variables

involved.

(iv) Meander Evolution

- Fluvial, floodplain deposits are derived from overbank
flooding and point bar dgrowth, Studies of floodplain
material indicate that the latter is“ generally the  more

important component (Wolﬁan and Leopold - 1957, Lewin and
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Manton 1975). This implies that ~point bars - and meanders

shift their locations through- time, a fact necessarily

attendant on the differential distribution of erosion and

deposition within tne meander bend.

Thé regime and hydraulic geometry analyses suggest that
this = migration is accompanied by maintenance of form which,
at least in an historical context (Schumm and Lichty 1965),
is time 1independent ‘(eg. Leopold and Wolman 1960). Flume
analyses have shown a maintenance of form following initial

development and an orderly, downstream translation (Daniel

1371) of the meanders (eg. Ackers and Charltom 1970b) . Hooke

-(1975) has explained this 1in terms of shear  stress
distribution in bends. Tiffany and Nelson (1939) observed an

increase in amplitude of flume meanders over time, although

the rate of growth gradually declined. Continued_incréase in
amplitude, and ultimately v'neander cutoff- have  been

, - . ‘
considered an effect of inhomogeneous bank material.

(Friedkin 1945, Leopold et al 1964).° Daniel (1971) noted
tnat migration rates’ﬁére somévhaé invefsely proportional to
tne ammdunt. of silt-clay inlbank naterial;'and tnerefore
propoftional to width-depth ratio (Schnmm 1960) . .rnis is
confirmation ofinhe importénce of mateniél strengtn'aé well
as ap?lied stress in form evolution.

Many natural 'rivers, howéver,) exhibit, little
,consisfency of form (eg. §chumm'1963).'There is debate as to
nhethet this is a result offpolymodality'of form pnrameters

(Speight 1965a), floodplain heteroéeneity (Fisk 1§52,

\ ,(\\§‘
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Ferduson 1973b), of -natﬁral characteristics of river flow
’(Yalin 1971) . The flume analyses are not of a scale, pbr
duration, to answer ihis question. ‘ : \\
The‘majofity of work on megnders hai cOnsidéred thgy‘}o
be time-invariant. Houever, Lewin k1972) has described an

increasing complexity of fotm attendant on -~meander drowth,
3 .

‘"which he  attributed to pools and . riffles maihtaihing a

~

regular spacing along the channel during.meander evolution.
' . : . ‘ \

-Ferguson (197%b), however, arqued ,that the evolution of
meandér form was itself time—dependent and' that at latér
stages a statistical equilibriuh was reached whefé time'uas
leSs important. The assuipﬁion of stochééticity is .
consideréd belov,‘and pQ}ymodaiity has'been discussed.

The study‘ of the natural evoiution of riyer meanders
requires‘ an  histcrical record of earlier river Lforms;
Spéight (1965a,b), .uSing two séries of aerial phoéog;aphs
soﬁe “thirty yeais apart, determined ‘that the specffal s
characteristics of tivers aid not change ii&h time, althdﬁgh
he obServed no orderiy higration of ﬁe;nders. He noted
- stream cutoffs, but did not impiy (eg. Strahler A1946) that
this process was responsible for wmaintenance of?Scale.
Parker (1976 pers. éomm.) has suggeStéd that'meéndér growth
iﬁ, ﬁltimately_liqifed by the cutoff mechanism, although the
rate of meander arc lengthening declines over tingv as a
result of lessening slope.rﬂ g - :

) Brice (1974) :constructed, a set of mddels‘for meander.

evolution based om circular arcs and 1linking tangents. He
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defined several forms. exhibiting both symmetrical and

asymmetrical evolution. He described a ieneral tendency for
S | » : g _ . T
the radius of a loop to decrease as amp.itude increased, to

a point where linking tangents reached some criti;al léngth,
whereupon subsidiary loops developed. This chafacterigtic
may be a céuse of polymodal meander uavelengtth |

Hickiﬁ's (197“L work confirmed the above descriptions

! . F . .
of meander evolution. He reconstructed old channel form for

. Vd
'a series of Jbends by mapping .scroll bars from aerial
photographs. The points of maximum - erosive aétivity

(nigration) were located. After an initial period of growth

perpéndiqulat to the initial channel, downstrean migration

of the Zone of maximum erosion . became increasingly
important. The outward growth resulted in a 'sharpening of
the bend, until * the ratio of radiui of curvature to width

N

(Rc/w) fell to é‘value of just over éwo, at which point
erosion was cufﬁailed;‘ The local form then exhib;ted an
apparent ?qu;librium, and zones of maximum erosion developed
élséwhere.(géneralLy downstream) . ﬁhenb §everél of these
sequences had occurfed'the lengtﬁening of the bend might be
such that_tHO‘or more areas of rapid erosion wounld develop,
produéin§ cdmpound Ioops; There was also a téndency for the
growth of a particular behd,to be matched by the shrinkage
.of an adjacent' one. This " indicates that the éouéring.of
slope by ieaﬁder growth may to sOme extent be rectified by

compensatory. shrinkage elsewhere, although it Eppears a

- shrinking meander bend has never been explicitly documented.
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Employing dendrochronological techniques, Hickin and
Nanson (1975) established migration ratés-fog channeffﬁ%ﬂbs.
It was foﬂnd that‘aé Rc/w decreased, the migration rate (ie.
Veroéive activity) increased. This reached an implicit (no'
examples were recorded) maximum at a ratio- of three and then
declined‘dramatically at lower values. '

Hickin's findings were‘accohmodated uithin‘exper;mental
and fie;d observations. Studies of_flowfresistance in bends
(eg. Angnold 1960, Leopold et al 1960) showed a ninimum
Tesistance to tgrning at Rc/w values a ~d ﬁuo. The shear
.stress in ‘a bend shows a ‘gradﬁal Lo §ase as_Rc/u,is
decreased. This, Hickin inferreﬁ, was marL.tes d in higher
erosion raﬁes as curvature increased. Th. gre:zter erosive
force'and- supe:elevétiqn contingent on acceierftiqn are-
claimeds to -reduce relative rOugbness'and, thercfr e, flow
resigtance around the bend. ﬁowever, tighter .radius» of
curvature also reqﬁires more internal deformation of the
water. This reaches a critical lével' at ; :atio of two,
wvhere | spill resistance .ié initiatéd and turbuleice
genérated. This dramaticélly increases thé flow resiétance.

The'widéspread obsérvation of meander’bends exhibiti#g
Rc/w ratios of around two to.threg (eg;:Leopold and Wolman
1960) was invoked by'Langbein and Leopold -(1966) id_ théir
}heo:yv of minimum dvaria}nc'e. (Hey, 1976, however, observed
thgt this fatio was not as common as . implied— by these
authors.) They pFopoéed.‘a ~form hodel based on the sine-

generated curve which complied with natural Ré/u ratios. It



was suggested that a river following this route expended the
minimum energy in turning.

Daniel (1971) suggested that the yearly variability of

©

pigration rate might be related to flood frequency and,
therefore, dependent on the climatic environment.

(v) Statistical ‘Analysis ' »

~

In the empirical approach to meanders, consistency can

" be .obtained through either ~ the - subjective control . of
gampling,. or by the use of controlled expetimental mefhods.‘
>TheoretiCél models may also. be developed (eg. Ferguson 1973)
.An alfernative philosophy is to assume that river form is
too complex: for determin;;tic explanatién :and that

stdtistical modeis are appropriate. ~

'(a) Statistical Models .
Hariey (1969, p260). desciibedv possiblé philoSophiéai
grounds for  the use of érogabiliStic'methods._Generally,
when a particular‘situation proaaces variéble’ resuits (in
‘either controlled or field conditioﬁs)A it is somet;més
difficﬁlt to account for this variability explicitly. It is
ofte§ méfe convenienf to >c6néider, the situation from a
rprdbabilisﬁic'point of v}ew. :dény  sta£istical,'£es£s are
\‘based on the ’assumption that ieaShred falues ére deri?éd
“from fhe "parent popuiation" via randon selection?- As the

"sanple size increases, the sample frequency distribution

uill'approaCh t he disﬁribhtiod of. its parént pbpulation.

o
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Random selection may be possible in an experimental
situation, and although geographical field measurements may_

be sampled randomly, the phenomenon may not itself be

randomly distributed. As Hepple (1974 p94) pointed out.;.u
Near places are on the'ﬁhole similar- a truisn
that Tobler bhas expressed as the first law of
geography: "everything is related to everything
else, but near ®hinys are more related than
distant thipgs..."
This means taat thev-assumption of independence of data
éoints demanded by most écmmonly used étatistical tests is
not met by geographic data.3 However, arrangement ‘into a
vfrequehcy distribution «can assuage this prdb}em'so that
tests.may be ma®e on the data (Kelker 1976 pers. éomm.).

The staiisticalvireatment of meander data 1is contingent
on the forﬁ in which'the‘data aré gathered.~The. regime and
hidrau;ic,geometry methods produce data as sets of variabies
»;afhered at specific locations om a tiver of canal. Thése
data have - been - appropriately \analyséd using regression
* techniques, | ie. while some variability ‘{error)y is
‘anticipated,' the /relation;hip between two -variables 1is
considered to‘ be ultiﬁatély deternin;stic -and straight-

-

vforvérd,/and therefore manifest in a suitable regression

rd

equatior.  This is a valid use of theé technique, providing
‘the assumptions regarding the functional relationship and

dependence of the data are correct.
‘Regression analysis ;seeks; an .underlying relationship
. - ' ) A
between phenomena, but it is only an exploratory tool- in:

research, because it only indicates a numerical relationship
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between variables, and rhaé no funcﬁio@al tdeductive)
siénificance. The non-deductive (oftem <called inductive)
approach to ihveStigations is essentially copcerned with.
identifying possible confrols over a given situation. It can .
never prove, only - support a relationship. AHowéver,
statistical '.metﬁOds do provide pouerfﬂl,/ vobjective
ﬁethodologies for dealing qith\situations df,uncertainty.
ueander data may also be gathered from long-“teaches‘
'uhich: span more than one bend. Here the sfream plapform is
generally discretised into a series of direct;oné af
cont;guous, equal-length -segnents 'along' the stream
centre;ipe 6r thalweg. These data are generally dowinated by
low fréquency,.valiey forﬁ components uhich may be filtered
by differenﬁing.? This is equivalent to prewhitening with a
coefficientbcf unity (Rayner 1971). Data gathered overw a
- given reach may then be described by their distributions: and
: combared to’ other series,’ or'expecfed distripptions.’For
example, Ch;ngrana Toebes (1970)’fqund the distributjon of
curvature (first difference of direction) elemegté‘from -
meandering rivers'ue;e affected in variance and kurtosis‘—by
geblogical ahd discharge factors. | o
HéSt statiétiéal' studies ‘of neandervseties have been
empirical. Hoyever; Langbein and.Leopold (196t , drauing- on
established randdm waik theory (von Schelliné 1951,
' suggested possible. éhyéicel reasons for the ﬁormal
distributien of deviations in meanders. This finding was
iuéohfirméd by field in{;stigations (Langbéin' ahd " Leopold

- ' )
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966, Thakur and Scheidegger 1968), although the problems of

vindependence (Hepple 1974) and stationarity (Chang and
Toebes 1970) were not conéidéred. Scheidegger (1907) also
‘demonstrated a "thermodynamic model df river meandering 1in
which the meander sinuosity could be considered analogous to
"+emperature". Thakur and Scheidegger (1968) determined the
values of temperaiuré.for_several reaches,~bu£ they made no
interpretation of the physical or 'statistical significance
‘bg_ these Qalues'and their observed variability along river
Lengths, o

Matheﬁatical modelling of meanders was found successful

Y
- 2

only 1in accountingffor single bends, and frequently ' some
unexplained variability was encountered (FergusonA1973b).

Adalogue models employing a necklace chain were considered
to, mimic the form of a meandering river and a lunar "rill"

\\

(f@akur and Scheidegger 1970). The <clear relationship

.
.

between +the orientation of successive links of the chain
'suggested.a fifstJOrder autoregressive model. A éubseqﬁent
study of ‘"natural wiggly lines".fbund similarities in the
form 6f meanders, crenulated divides and erosional -
_coastlihes (GhOéh ‘ and Scheidegger 1971, bat the‘
similarities were not conpared' in terms ofjlstatistical
criteria. It apéears that these-statistical’desdriptions of
neanders-da not have any.substantive signiiicance.

The meaader mcdel derived fronm thé randonm 'ﬁalk by
. Langbein: and Leopold (1966) produced a Qeomet

>

charatterised by the sine generated curve. 1Surkah and Kan



(1969) éttempted to generate meander forms under the:
statistical constraints of the sine generated curve and the
simukation§ ' Were unsuccessful, even when a "random
component" was ~added.: Both autocorrelation models and
transition parameters indicated serial dependence, which is
characteristic of Markovian models. Meander forms were found
to exhibit a directional bias in variaticn of <curvature
(change 1in direction) cohponents. The further a serigs
deviated from its mean directicn (presumably valley slope),
the wider a range of changes :in direction was.found. Models
generated under)this'further constraint were found to more
closely resemble natural meander forms, although Ferguson
(i976) didwnot find this property in meander series. Surkén
and Kan's subsequent testing of model properties, however,
"would appear to be implicitly tautologous, because these
propefties iere largely imparted by the initial controlling
conditions for the mpdél.

The sine generated curve has,’neverfheless, reﬁained a
videly accepted ’meander msdél (eg. Hey 1976), but Ferguson
(1976) criticised its fundamental derivaéion and suggested a
seéond ordef autoregressive modelling pfocedure based more
on process considerations. His disturbed periodic model
assumed thé meandering phencmenon to be fundamentally
reéular, but the naturai heterogeneity cf the floodplain was
" seen to induce disturbances, the( effect of which wés

gradually lost dovwnstream. The attémptk‘to interpret real

meander foras ‘in  teras of the model remained somewhat
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generalised, howev:«r.

Ghosh and Scheidegger (1971) found that natural wiggly
lines <could be defined on tue grounds Qf sinuosity and
"wiggliness"; a quantity defined by the average of the sum
of squared deviations, and in some ways 'related to
"temperature". |

The fir.ings in the field to date have rarely attempted -
to rationalise the data in‘ terms of geomorphological
processes or the regime and hydraulic geomeiry approaches.
Attention hasg b%eﬁ di;eéted more to the model, than its real
significance. i U

Diseretisation has received some attention as regards
information loss (Dyhr-Nielsen 1972), as have the problem of:
selecting 1leg length and sampling interval (Gunnerson 1966,
Ferguson 1975) . The loss ¢f information through ayeraging
-(ie. taking direction between two ‘pcints rather thamn point
measurement of direction is perhaps unimportant, although
some more exﬁreme values may be lost. Thalweg measurements
are most suitable if meander form is to be fully described.
The more ccamonly used channel centreline probably smooths
the series by 1lessening bend‘ amplitude. Fergusen (1977)
‘Telated direction variance‘ to sinuosity and compared the
 results from rivers with a sine generated curve. The‘ gixed
relation‘of einuosity and (circular) gariance means that the
difference between %he results—can only be due te the

. .

treatment of the sine-generated curve as a continuum, while

the river data were discretised.
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i Leg length has wusually been selected arbitrarily,
~\\\without consideration of physical effects. While error
analysis can provide suitable criteria, there has beén scant
attention paid to the possiblility of aliasing? in practice, .
or to the effect of varying sampling interval. Discretising
shorte 1 series to an exteﬁt dependent on the periodicity
and amplitpde {see Richardson 1961) and can produce series
with radically different statistical properties (see Thornes
1973) . Ferguson (1975) suggested that river width provided
an appropriate objective leg length. This could be useful in
combatting problems of stationarity,‘given the correlation
between widthcand meander sizé,'which ‘is manifest 1in the
observed scale 1independence “of meander form. There remain
,%he problems of the non-monotcnic ‘(perhaps periodic)
increase in width downstream: and the only roughly linear
relafionship‘bepueen'width and meander uavélength.

The general problem of stationaﬁify has pfoven a major
véons€§aint in analyses. Stationarity is“impopﬁaﬁt in both
statistiéal procedures and substahti§e‘lintérpretation. Ihe“
lattér is concerned with the dégree of.consiéiéncy albng the
channel of v factors, .known ’_'a priori! to ‘influence
~meanderin§ﬂ'Long series, prefeféblé from. the Statistical
point of view, are severely constrainedvﬁj this probleg.
Linear treﬁd may be  removed by taking residualsf from a

linear _regréssion. Lack of,étatiohdriiy_of higher momgnfs'

Y

presents less tractable problems. A . stationary .series ' may

fat]

converge* on ‘its - parent population only as sample size
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increases. The samples encountered 1in geography are often-.
small and possibly trivial. It is —neither possible to
envisage them as starionary, nor to test for more than weak
stationarity (Yevjevich 1972), as single samples are the
rule. Under sonme circumstanees; prewvhitening or differencing
can help reduce non-stationarity 1imn series which exhibit
strong memory (Granger 1975)(

It appears, however, that in practical applications it
is possible to proceed with analysis of data known to be
non-stationary to some degree; Tukey (1961) said

...I have yet to meet anyone experlenced in the
analysis of time 'series data...who is over .,
concerned with stationarity. All of us give some
thought to both possible and likely deviations
from stationarity in planning how to collect or \
work up data, but no one of us will allow the
possibility of non-stationarity to keep us from
making estimates of the average: spectrum....Once
‘'we admit we are making an average spectrum, we //
have admitted that there may well be other
relevent characteristics of the situation beyond

the spectrum.. . Such. an adnlsslon...ls a good

thing rather than a bad one.
Statistical analysis can -proceed on any . ser-es.
however, it must bélacknoyledged that non-stationarity will
result in average descriptors which are not necessarily
representative of any part of the series. It is perhaps more
important - to reCognise *  physical constraints in
geomorphologlcal 51tuat10ns, for no amount of statistiCal
exactitude and prec151on can conpensate for inconsxstenC1es
in the desigmnation of the, original series. Watson (1966

p786) emphasised that "...the most important part of the

:aﬁalysis precedes the application of these [stat;stid%;]
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" b) Stochastic Models.

There has been considerable attgntion paid to- the
analysis of series in mathematics. The procedures of this
‘analYSis have - proven valuakle ’in the description and
evalua;ion of geographic data. The variability of a,
geographic series can be éonsidered to be gengrated by
stochastic processes, which are concerned ﬁ... with systems
which develop in time 6: space in accordance with
pfobabilistic laws." (Cox and Miller in Hepple A19?u)¢5. Two '
major branches of the Stochéstic approach are of presenf
coneern: spectral analysi; (Jenkins aﬁd Watts 1968, Rayner
1971) and Markov chains (Kemeny and Snelli1967, Harbaugh and’
Bonham-Carter 1970). . | |

Some practicél aspects of spéctfal analysis are’
considered-elsewhere (seétion iii,b). The spectrum of a
serieé ‘essentially déscfibes the contlibuﬁion of gfoups'of
frequencies of sine and _cosine funéfions“'to the overall
variaﬁce of a serieé. The spectrum is usually éomputed as
”the  Fohrier (giﬁe aﬁd cééine) trahsformation of the
autocovariance‘of a_series‘(élthough other methods do.ex;st, 

ke

egr’ see Edge and Liu'197b, Raynerv1971). covariance is a
measure of the common variability bétween two series, and
autoéovariance deééribea;the_conhon’vafiability of a series
Eompared‘to ;tself uhén . offset at successive ‘lags. The

. L N
autocovariance at the initial lag (zero, when each point is
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compared to itself) is the variance of thé series and
successive lagging will produce lower values, depending upon
the strength of the similarity between successive points in
the series (unléss the series 1is perfectly >periodic).
Oscillations of the autocovariance may be'indicative.of
periodicity, although the  spectrum l“is more readily
comprehended. As the spectrﬁm is only a transformation of
the autocovariance (of, in the case of the . normalised
spectrun, autocorielatidn, which is the autocovarianCe'over_
variance) ~and contains no more information .(Chou and
Kafel&tis 1970); tc compé;e periodicities determined from
both sources (eg. Ferguson 1975) is a redundant procedure.

The spectral estimates run from frequency zero to ‘the
Nyquist frequency®. The extent to which a seriés is'lagged_
depends on the resolution rquired and the relative loss _ of
infofhatipn‘ from . the series through lagging. Genefally,
between tén,and fifteen percent of the numbe; of sampling
fpoiﬁté is chosen (Jenkins 1961, Brown 1972).

Problems in the interpretation of spectra have been
discuésed, but it is necessary to add that, since spectrai
analysis'_is a ﬂonfparémeﬁric-(distribution frew}: technique
~"...several processes {distributions) may give rise to',thé
same spectrum."'(ﬂepbie 1975’7 Hoﬁever, oné'major purpose of'
'gpectral‘ analysis iéctO'igen}ify the presence of different-
frequencies which may sten fr;m differemt underlfing causes.

The presence of a particular frequency may not necessarily

stem from a periodic component and peaks may be propogated
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as "...echo effects down the‘spectrum" (Kendal 1973) .

Appllcatlons of spectral analy51s to ‘meahder studies
have‘ been of only limited success, at least in teras of the
' substantlve 1nterpretat10n of the results. Chang and Toebes
(1970)  observed different spectral characteristics for
geologlcally distinct reaéhes of a single rlver system and
Ferguson (1975) established relationships between the
dominant spectral peak and both width' and discharge. The
latter author did not observe several spectral neaks as dld
Speight (1965a,- 1967) and Chang and Toebes - (1970) . The
spectra generated by Thakur and Scheidegger (1970) for a
‘chain analogue of river meanders were different from those
reported fer ' rivers by other authors (as well as
themselves), desplte claims of 51m11ar1ty. Subsequent use of
the same wmodel (Ghosh and Scheldegger 1971 gave
Substantially different results . B

The distributionvuot ‘events thrdugh time or space can
often be successfully modelled using stochastic processes.
The entirely random or independent situationwis governed by'
Bernoulli‘processes (Hhiteleggl1976). Where the 7probability_
of  an "event" occurring increases only uith itime tor
distance) from a preceeding “eventﬂ,‘ a -Poisscn model ' is
» appropriate (or - binomial -fdr ' high probabillties of
. occurrence). Where the probablllty of a state is condltloned
by a flnlte number of preceedlng events, the series 'may be
described by a Markov process.' |

If ‘the last type of series can bé classified into
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states, then a discrete Markoy model is appropriate. The
series is Cbnsidered in terms of the transitiops from phe
Statg‘tp another. If these transitions are clustered into a
square matrix whcse order is the nu;ber ot states,‘then tpe
overall proportion of tramnsitions of each type <can be
calculated by dividing elements of the métrix byvthe total
number of trénsitions. The result is the transitipn
proportion matrix (TPH, see Fig. 2).»If(the matrix elepents
are divided by their row tdtals, the matrix is ,called the
transitiop probability matrix, which shows the probability‘
of the next-sfate, givén the present state, as 'oppqsed to
the overall distribution of states througﬁ the‘series. It
has been widely used in 'stratigraphic- modelling-'(ﬁarbaugh,
and Bonham—Carter'{970).

-cOnriguous' segments of river meanders may be readily
ciassified into . two states,’ppsitive apd negati;e,'either by
taking‘the signs’qf the deviarions from the péan direétipq,‘
or by differencing (taking derivatives). The,chéracteristic
dichotomous TPM can then be constructed for a inen Seriés
({see Fig..’é). Surkan and Kan }1969) first employed the TPM
and found it gave useful insights into meander forp;._They .
récognised a tendency fpr river.neander TPM's to remain in a
particular- state;"vhich decreasedrpith differepcing, This
impliéd thatb ét _ieast directiohal and first difference
(currature) series veré ~not serially”indépendenf, as ha@
been assumed. (Independehce uould be indicated by é symmetry

between the correlation and anticorrelation diagonals, see



33

Fig. 2 for definition of terms;)

Early interpretations of the TPM (eg. Thakur and
Scheidegger 1970, and»'éhosn and Scheidegger 1971) - wvere
unfortunately‘ characterised by ambiguitf or misinter;
pre tation of the pmatrix and a failure to recognise the
problens and benefits inherent in the the use of tne matrix.'
The .fundanental relationship between the TPM and Markov
chains has not been recognised. There have aLSo been no
studies which test for tne'memo;y implicif in the matrix; a
TPM can be generated for any series and is‘not.neceSSarily a
significant predictor if the ﬁarkov property is not'presenf.,
Geomorphology'has 'seen some use ofr.uarkov‘ chains (eg.v
nThornes 1973 and 'Snav_1975), but they have been usedrmore
widely 1n other fields (egq. Rodrlguez-Iturbe et al ‘1971 in
hydrology, Co;llns 1975 in human geography, anq the work in
stratigraphj, eq. Harbaugn.&nd Bonham-CarterJ197O).‘The need
for.proper caution-inlthe use’ of Harkovu models has been
stressed by Lloyd (1974) and Whitelegg.(1976).

The. Markov chaln approach has promlslng éotentlal but

-care must be taken to dlstlngulsh those effects produced by

data manipulation from those of substantive signifioance.

‘c) Controls on'Cavefn Form

The neanders observed in caves (vhich are more fully
discussed later) may be analysed in several ways. Ongley
(1968) used"sinple descriptive‘Jstatistics, and Deike and

'Hhite_(1969) used regression. Cave:form can be controlled by
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fractures in the bedrock and_‘statistical methods appear
1ntu1t1vely suited to conSideration of this problem.
Many cave. bassages are entirely subordinate to joints

and ‘this has been’ qualitatively 'demonstrated by R.Deike

{1967) and HWeaver (1973) - using rose diagrams. Ge Deike_v‘

(1967) and Ogden t1974) attempted to use non-parametric
tests to compare distributions of fractures and straight -
’cave segments. They found no 51gn1ficant ‘control, although
correspondence was obvious in sone locations. These authors
emphasised that joint types are. not honogeneous in theirl
effect on the stream Passage, a result ofcdifferent joint
types and different hydraulic conditiOns. Therefore bedrock
jOints and fractures do not constltute a Simple population
and can be considered neither a“controilable, nor an
independent variable. |

There is a wide range -of tests ap, . _able to the
'directionai‘and axial case (Mardia i972, ﬁatson 1966) .
However;, the. lack . of familiarity with the Characteristic
distributions and statistical premises perhaps accounts for
the scarc1ty of geographical applications. N

Ongley (1968) . consid~red joint» control would 'be
manifest in.the distribution of passage direction. If no
structural control vere'gcting, then a POisson distribution
of the frequency of occurrences of Zero, one, or more axial
bearings per degree class right be expected. The methOdlis
ingenious, but uas'limited in ‘its application by too smallfa

sample. It is also questionable whether one degree intervals

e
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are appropriaﬁe, because in én oscillating systém, passage
orientation may be responding to joiﬂt control, but still
exhibit some small departure from the precise  joint
direcfibn. |

In conclusion, rthe -problens of nonfdeductive methods
must bé recognised. Assuming that results can be readily
interbreted {which ihey can not), the téchniques are often
not wholly applicable to geogt&phic data. While statistical
‘methdds . do offer pouerful. methods ‘of dealing with
variability, care’has to be exerciéed in their applicafion.
The ' statistical technique can enly be justified by i;s

results and is notlan end in itself.

(vi) Process Analysis

Y .
There ~ is 1little agreement on the source of  the
meahdering,processes, or indéed on what those processes are,
o L Y L o
but the literature on processes in meanders is briefly .

reviewed. - ,

@) The‘Co:iolis Effect

The coriolis force {or effect) has been widely' invoked
as responsible‘for meandering, for’éxalplé by'Gi;bert(188¢);
Eakin (1910), Chately(1938) and Quraishy(1943). Neu (1969)
described secondaiy flows in-rivers which he attributed  to
the coriolis effect;4 uéjot objections to this explanation
are the observed sy;ﬁéfry of,ﬁitreal neanders‘ and the

reversal of_secondary_flovsfaround sequential channel bends
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(Heywand Thorne, 1976). The coriolis effect is negligible
near the equator, yef meandering ci7nnels bccurvat all
latitudes. Yang (1971) hés pointed out that the coriolis
force would not -effect small scale flovws wﬁicﬁ,:
-nevertheless, meander. Ludin (in. Leopold and Wolman >1960)
has determined that the cor?olis effect on a stream flowing
at about Tm/s at a lat;tude of 60? would only account for a
bend of some 13kﬁ radius. Hbieyeg, Dinga (1970 ip Chitale
1976) has observed a sharper radius'of righthand (clockwise)
turns in some rivers in thg U.S.}., which he . attributed to

v

the ‘coriolis effect. .

‘(b) Secondary Flow

o The ﬁajor + orthogonal Compqnen , eanflow is
parallel to the banks. However, tgére also exists .a
component -perpendicular'tq this main flow. This is known as’
secondary flow (and when its pattern is’a spiral cdntained
by - the river,‘ helical fiou) and has long beeh,récognised
.(eg)LThomson 1876) . The magnitude of thé éﬁq componeﬁts is
dependent on the position in a meander bend, but thé
polarity ‘of the secondary fiou is reversed .~ through
sequentiai ‘bends. Hey and Thorne .(1976) identified twin
cells of secondary floy iﬁ .néander ‘bends wﬁiéh e;hibited 
surface convefgence at the bénd apex: and di?érgénce at the
crossover point._ﬂbwever,’theif findings appear inconsistent
with the sediment dist#ibution on.the river'bed. Hhile"many'

authors have Tecognised the presence of Secondary'flovs in
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meandering channels and “acknoiledgeq ifs importance in
Sustaining meanders (egq. Leliavsky 1955, Leopold'ahd Wolman .
1960), it remained unclear how these flows originatedf
Bagnold (1960) claimed that secondary flow was a result
Of the meandering condition, but Prus-Chacinski (1954) and
Leliévsky (1955) irgued fhét secondary flow was inherent in
the flow of water and was the mecha%isn"résponsibie for
meaddgring;‘ Certainly, flume experiments (ap%rt from those
in whiéh water was entefed at an angle, €eg. Matthes 1941,
_Friedkin . 1945) had developed meandering channels' from

initially straight ones (Leopold et al 1960, Ackers and

Charlten 1976a,b).

T::bretical work by Einstein and Li (1958) add Einstein.
and Shen (1964) sughested that;secondary flows would develop
in straight channels. Drawing on Callander's (1969) work on
| instability, Engelund 'andﬂ Skovgaard’ 11973y sﬁoved that
meandering ‘cap. be expected, given a channel vuith dune
bedforms. | |

The theoretical work of Yalin (1971, 1972) " on
turbulence indicated that .a horizontal analogue of the
vertical eddies reséonsible fer bedforas night‘be&'expected;
S.uch tpfbulepce uouldrdevelop zones of high}velocity, spaced
reqularly ‘downstream against alternate banks. Furthermore,
several distinct scales of meandering'vould,bé possible. The
scale of such meanders would be controlled by width, a
‘relationship _long-prédicted by‘ field and-fluné'evidéhCé.

—ea

This suggests that the ‘importance of discharge is in
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controlling width. It remains unclear, however, how the
migratory and ephemeral ‘turbulent eddies invoked by Yalin
are related to  the relatlvely invariant form of the river

' meander (Parker 1976 pers. comm.) .

(¢) Sediment Type

Flume channels have been observed to produce bars with
botn ~ lateral symmetry {Leopold and Wolman 1957) and
asymmetry (Ackers and Charlton 1970b). It seems) 'that the
developmentu of meanders .from these foras réiuiree . the
injection of sediment (Tiffany and Nelson 1939, Ackers and
Charlton 1970b). Hakanson (1973 _has  pointed out that
symmetrical bedforms" are essentially epheneral features,
. because‘ there- are' two lateral zones of max1num turbulence
and Rinimum bed stablllty which are either side &% the
centrellne of a straight channel..

Quraishy (1944) clalned that secondary flows were
ur --ortant in the iritiation of Beanders which occurred as
a result of the n.., interaction of mov1ng water and
sediment..." creating alternate bars. Sheperd and. Schuam
(1974T - found vthat an 1n1t1ally meanderlng channel
superimnosed on flne, Cohesive material, lost its meanderlng
form. The .fine material, once eroded, remained in suspensiOn
and dld notﬁnalntaln the point ‘bars. Maximunm scour occurred’
on the inner edge of thé bengds, eventually fornlng deep

pools. Hooke (1975, vorklng in a pre-formed meander bend in

a flume, described high shear stress values on convex banks,

-y
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He suggested that this was normally expended in
transportation of material derived fro. :he upstream concave
bank. This could‘explain the sccur observed by Sheperd and
Schumn and,implies that both transportation and deposition
are important 1in meénder propogation and maintepance.

Jdhe importance of inherent secondary flows is feit to
be exemplified by meanders in supra-glacial streams (Leopold
et al 5964, Knigﬁton 1972), océan currents (Stommel 1965)
and small wunconstrained flows on glass (Tanner 1960!. Some
proponents of this school of - thought are érus~ch§cinski
(1954), Leopold and Wolman (1957), Karcz (1971), and Goryki
(1973a). The analytical work of Einstein and Engelund
supported thiS‘Viéﬂ. | ~
) Parker. (1976), attempting fo determiné the source of
instability lééding to the méandering of river <channels,
found sediment trahSport was impoftant. He accounted for
meanders in supraglacial streéns,_ocean currents and small
unconfined flows respectively through thermal considerations
(Parker 1975), the coriollis effect (Stommel - 1965) and
surface tension- (Goryki 1973a,b) . The similarity in
proportionality' between thesé ~types was due-to the common .f
factors of; inertial and gravitational  potential, ‘and
frictional"effects. 'Thé; actual source of'ingtability was
'_different, and not necessariiy important (Parker pers. coma.
'1976).‘

It is not wifhin thé scope of this thesis to critically

evaluate the material described above. ‘However, it does seen
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that at present the analytical approach is' the 'most
promising  with respect - to establishing la physical
explana;iop of meandering phenomena. Although meander scale
is flow-dependent, it 1is clear that other factors are of
importance. The effect of bedrock on meandering has been

recently discussed in the geographical literature. , .

(vii) Bedrock and Cave Meanders
(a) The effect of Bedrock

Brush (1961) showed that stream slope was controlled4by
the strength of the country rock and Hack (1957) had
suggested that this- might be related to ‘the size of

particles 1in the stream..Schumm's (1960) work in the Gréat

plains showed that width-depth rqtio in alluvial channeL§,mm

was inversely proportional tc the percent silt-clay in the
channel. His observations on ‘the ‘effectv of cohesion
(1963,1967) have already been nqted-'

Jefferson (1902) noted thét neander size was variable
"and that especially large meanders uére found wvhére the~

. stream cut into bedreék. Bank strength as well as discharge°'

i =

seems to'qontrol meander‘vavelength}
Dury . (1964, 1976a) has called attention to sma;;f
streams which occupy a floodplain in a large valley;~\
anderfit streams. Davis (1913) had invoked capture as an
explaﬁation‘ of this appareni shripkage, but'Dury.necdgnised
the pﬁenomenon to be véty uidespreéd . énd soﬁ@ht a

paiaeoclimatic'vexplanatiéh. The valley itself .was often
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found to meander " and: the scale of these meanders was
‘related, using regime equationg, to discharges some twenty-
fiue‘to one hundred times greater than those experienced
now. He suggested that rainfalls one and a half to two times
as great as at present could ‘aCCount for this scale of
runoff, which formed the large valley meanders. \ | |
A more subtle disequilibrium may yalso be recognised,
‘the "Osage" type, 1in which large ailuvial,neanders are
occupied by an underfit stream in which a sequence of pools
and riffles,’ apparently unrelared to_meander form occurs.
teg. Dury et al 1972). Remarking on the observed tendency
for pools (deeps) and riffles (shallowsj to formAin straight
channels (Leopold Wolman and Miller 1964, Yang 1371,
ﬁichards 1976a,b), Dury claimed that a river luhich has‘
eXperienced a recent decrease: in discharge would have a
lowered erosive capacity. It would, therefore, be unable - to
alter the 'planform' meandering formed by higher flous.
Alrerarions in bedforms would be possible, however,iaud"t
river would maintain a characteristic cycllcity in -bedform,
rather than ‘in planform (Richards 1972, Ferguson 1973a).
Subsurface studies have confirmed that "meandering
valleys" are bedrock-features uhicu possess cross—sectioual
Jand longitudinal profiles comparable to those of alluuiai
rivers (Dury 1964) . However, a "preferred pOSition nodel".
(Palmquist 1975). can‘account for some of t characteristic

asymmetry. If a river is capable of eroding its valley floor

0

by scour during high d#,-the tendency for underfits to

R
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re '

occupy the outside of valley bends will concentrate erosion

at these locations. Dury (1976b), i; reply, har )ipted out
that the age of some valley fills implies no scour has taken
place since shrinkage of the origihal stream. .

Dury implied that stream shrinkage was responsible for
the aggradation of his valleys. This could stém from other
environmental changes, or a relative rise in sea-level, or
more probably a result of overloading of streams in résponse
to some disparity between slope and fluvial processes. His
thesis demands a pluvial period over large areas. of the

world from 12,000 BP. for European examples, to 2000 BP. for

some recently emerged valleys around the Great Lakes (Hack'

1965) . It seems unlikely that the generaljcirculation could
' \

'maintain the extended,'global pluvial periods required.

Cogley (1953) proposed that glacial meltwaters would

provide discharges of the size depanded by Dury, although

1

Dury (1973a) rejécted this explapation as inappropriate for

low-latitude examples and unsupported by field evidence for

temp--ate examples. Prus-Chacinski (1973) noted that modern

floods often exhibited 1large - sCales of meandering and
suggested that these infrequent events may be of importance.
Dury (1972, 1973b), however, did not accept modern fﬁpods as
effective erosive agents. The large_and frequent,discharges
characteristic of tidal channels have been felatéd ‘fg many
oversize meéndering valleys by Geyl (1976a,b);

Hack  (1965) desCribed active, large scalé,méahders‘in

sections - of river armoured with- large boulders or in

g
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bedrock. " Alluvial reaches of the same rivers displayed more
eonventionally sized meanders (as well as sectiqns of
compoumd or multiple  meanders). Tinkler {1971) described
similar situations from Texas (see Table 1.), and Chang and
Toebes (1970) found bedrock reaches of some rivers in
Indiana had iarger‘wavelengtms than contiguous reaches. cut
in till; Tinkler (1972) and Kennedy (1972) suggested that
meanders are characterlstlc of the dlscharge most veffective
in erodlng the ©banks; the greater " strength of bedrock
requiring more energy for erosion than. alluvial meanders.,
Thus .the channel-forming dlscharges would be greater, and
have allonger recurrenfe 1nterval than those in alluv1al
rivers. |

The underiying guestion in this debate is whether the
higher discharges 'respdnSible for the bedrock} valley
meanders are merelyA a rare cdmpenent of a river regime
similar to preSent regimes, orlwhether they stem from past
Pluvial climates. it is felt that the evidence is for the
-'former. However, Dury (1972) has pointed out examples ef
large 'valley ' peanders eut in weak material.(eg.ﬂglacial
outwash, alluvium, loess and swamps), and the erosive effect
~of the infreguent large dlscbarges is- unknoun (compare Dury
1973b, aﬁd Stevens et al 1975).;T‘ « 2rbank stage hastbeen
found 1ndependent of the channel, which merely conStitutes
an_additional source of roughness ' the high stage flow
(Smith 1977). | R

Schumm (1967) found>that channels with cohesive banks
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maintained shorter wavelengths than those in non-cohesive
alluvium. This implies that stronger banks do not
necessarily demand higher discharges,fer erosion. He placed
emphasis on the type of sediment load; clay and silt”uere
suspended load, sand and gravel saltated 1load and larger
‘particles cq?prising the bedload. The bflOI'S ability to
transport, ratE@r than erode, material seems to relate more
closely to.,meander scale. Kellerhals et al (1976) pointed
out that gravel bed rlvers generally exhibit different bed

forms from sand bed rivers. This 1;p11es that }iver
processes respon51ble for form are related to sedlment size.
Hlnkley (1977 pers. comm.) pointed out that bedload appeared
to be important in sustalnlng meander mlgratlon.

Klrkby (1972) dreu attentlcn to the dlstlnctlon between
“"erosional®" meanders . and . "transportational® meandeps
(author's terms). The former .occur vhere, onceferoded,lall
 sediment is removed, and the latter store sedinent in the
bed and ‘bars. He ebserved that meandering and braided
streams can be distinguished using roughness criteria,"and
that 'the same. crlterla also separated alluv1al and bedrock‘
meanders:‘He suggested that manifest braiging vrequired an
abundance of sediment in the absence of uhiCh:large meanders
wvould fornm, although' Sheperd and Schumm (1974) found that.
‘meander forms were destroyed due to scourlng of convex banks
©in 51tuat10ns Wwhere all sedlnent was entralned When a small

volume of materﬁél was deposited, hovever, erosion of the.

. concave banxk was reinitiated, ultinately: leading to
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heandering of the channel.

-'The relationship of analytical.work'to bedrock meanders
is'unclear. If discharge directly influences meander scale,
and a larger.flow,isvnecessary‘to erode stronger material,
then larger meanders would form.ﬁ Yalin's (1971 1972)
explahation of meandering depended on Hldth as the crltlcal'
scaling ractor. Width is determlned by discharge and bank
strength, and bedrock streams tend to exhibit relatively

- harrow channels which would lead to smalier meanders.

Althodgh Yalin's work appears inappropriate, Parker's
' instabilitf‘ considerations may be applicahle toibedrock
meanders. The' implications are that sediment’ transport

.mechanisms are an important cogtrol of meander scale.

(b)) Cave Meanders‘
"7 Limestone .and classical vaguiférs-differ, in that the
former store a 1arge proportlon of their water in fractures
‘(secondary pores), rather than within the primary pores of
the rock itself; These fractures are joints,'bedding planes
and faults. As water moves through the lfnestone,'splutioﬁal'
'erosiqn "enlarges the fractures. Generally, a netaork of
tubes (anastomoses; Ewers 1966)'is formed. As a tube is
- .enlarged water fiov becomes turbulent. This is‘claired to
result in a faster rate of‘solutionv_of the limestcﬂé,. an
increased rate of enlargenent of -the condult, and the

capture of flow from other fissures and small tubes (ngley

1973) .
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The cave passage behaves very much like a surface river
in draining a catchment. Small fissures contain slower-
moving percolation water which 1is responsible for the

naintenance of - baseflow (White and Schmidt 1966, Atkinson

<

‘.

and Drew 1974, Atkinson 1975).
The form of the cavevdepends-upon the 1interaction of
the. hydraulic and structural gfadients, and the cpemical’
propefties of the ‘linestqne and the L water. Caves are
classified into two end-member types; phreatic, where the
entire passage is (or was) Hater-filléd, and iadose, where a
stream only flows (or‘fioved) acrosé the fldor.7 ‘All caves
are initially Aphreatic and insbeétion of the roof of a
vadose passage may reveal phreatiC‘featureg which have beeﬁ
abandoned py subseguént downcutting of the vAdose stream.'If
the cave deﬁeloped from a bedding plane} the Tftﬁpe passage
‘may oécur.vA phreatic rift'may be observed where a joint of
faul£ initiqfed the cave and a long period of residehce in
’w~£he phreatic étate yay‘cauSe‘a.tube © form. The tube is a
result of outward erosion, rather than.the predominantly
downward erosion of the vadose stream/(See Eigs. 3;4af-

The ?nitiation of the vadose passage fronuihe ,phfeatic,
stage méy result frcm some décrease in discharge; or sinply.
froam gfowfh of the passage. The recurrence éf phreatié
events in vadose caves is of age-significance (degree of
develépmept) only. It is not equivalent +to a bankfull

sdischarge, although an underground floodplain, " and

consequently a bankfull discharge may exist 'in some <caves

.
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(Jones 1971).

In caves where limestones are massivelf~bedded,
undistorted'and gently-dippihg, and the hydraulic gridient'
is concordaht.uwith‘ the}struéture, the hydraulic nature of
flowing stre;ms may be manifest. In thié situation vadose
caves exhibiting apparent meandering may OCCUEL. The phreatic
cave may also meander, but has remained unstudied, béCanSe
of the nmultidimensional nature of . the problem - and
uncertéinty céncerning the effect of increase in cross;
sectional area on meander scale and growth.

Structure can influence’strean morphology eg. Strahler
(1946) noticed distortion of meander growth due to slaty:
cleavage. Nutter (1974) observed surface streams following
joints, and Campbell (1973{_ has described development of
false meanders forms because of joint effects, Structural
coﬁtrol of caves 1is inplicit in‘mést modern speleogenetic
speCulatiqns »(eg; Haltham‘ 1970, ﬁigley 1972).? Cave
morphology 1is controlled by bedding planes and insoluble
beés'(walth;m 1970,'Currens 1975), faults (Gregg 1974) and
joints (R. Deike 1969,'Heaver 1973); G. H.‘Deike (1967), and
White and .’ihite (1974) emphésiged the importance of -
basélevel/in contr 1ling cave devélopment”and discusséd the 
.reiative 'inportance of_‘various, sfrﬁctural- featﬁres in
different situations and stages 6f cavern evolution. The
interéétion is by io'neans simple.

.Some  cave neanders‘ show ‘no; direcﬁl‘evidence of -

structufal control nor any evident vertical fracturing, and

’
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these are possibly "free" meanders. As the cave stream cuts
down, earlier meander forms are preserved in the walls
abeve;‘often presenting a pattern of bewildering conplexityf
In places a progressive migration of heanders appears‘to
have occurred (generally in a downStrean direction; Tratman,

Ford pers. comm.). In other locations discrete levels with

distinctive meander patterns occur (See Fig 4b), perhaps as

a response to changing discharge and erosional processes, or
to iithological‘factors. The difference ‘'between these. two
'type5~remains unstudied. | /

Davis (1930)  and Bretz (1942) remarked .on the
meanderlng nature of some cave passages. In their exanples,
the meanders were apparently 1nherited from»meanders in

overlying detritus and were .actively increasing in !ize. The

first specific study of cave meanders was by Wheeler (1967),

working in Irish caves. The neanders wvere found to be

related ‘to Vwidth, but exhibited wide scatter. There was
great difficulty in sampling well-formed meanders and tﬁe
field measurement was most laborious.

Deike (1967) in an important study of uammoth Cave in
Kentucky descrlbed meanderlng (phreat1c, tubes and (vadose)
canyons; He defined wavelength is twvice the bena-spacing in

)

order to establish a \large sample. He found an average
lihear relationship of 5.4 between vavelength and width, bﬁt
his results showed substantial scafrer. This compares with
values of 6.6 (Inglis 1949) and 10.9 {Leopold and qunan

1960) id\ slightly nonfllnear relationships. (Table 1). He
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- found that higher wavelength values were produced by canyons
than tubes. In one location a large Pbassage exhibited
" meandering of a sinilar'uidth;uavelength ratio to a small
stream which was incised iato,its silt floor.

' Ongley (1968) attempted to define hydraulic parameters
for a short, apparently-meandering cave in Australia. His
work is disappointing, for altheugh' he attempted ‘an
objective analysis of the passage form by discrefisation; he
drew his conclusions from a wide scatter of results. He
found an average wavelength—uidfh ratiolof 5.5, although his

values ranged from 2.88 to 8.55. He was, however, implicitly

awarevof the danger of aliasing and tested for . this using

x
Ni

two diffefent leg-lengths.
Deike and white (1969)‘drew upon a large number of cave
'surveysv to compare the wavelength-width ratios of meandeES
from Missouri caves with that from other areas, both in the
U.S.A.  and abroad.. They = eliminated caves | showing
structurally-controlled leanders‘uhere "...bends are. sharp,
the reaches between bends are straight and bends are not
evenly spaced....m" It appeared that 101nt-control Hﬁﬁ\u
>importaﬁt where hydraulic 'gradient was diagohal to an"
orthogonal joint set. Using methods of measurement sihilar
to “ﬂeike (1967), they found caves in ulssourl different to
~
thoseiln other areas. ThlS they attributed to the conSLStent
nature of the Missouri Cave surveys. The results were .

approximately 1linear with dbefficients of 6.8 for Missouri

cave meanders and 8.2 for those of other areas. Once again-

-
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the values lay'within the'findings for alluvial meanders.
High (1970) ‘pointed ~out the dénger of using cave
surveys in speleomofphological studies. A cave survey is
generally made with as few survey -legs as possible. This
means, for eiample, that the easiestv survey route may be

taken where there are multiple levels. Where the amplitude

of meander oscillations is compatable to the passage width a

sing B leg might truncate a series of meanders. High
°Qs;e§f‘ PRES  the ‘ancmalous ‘points Deike and White had
Plojebe -uﬁﬁé Irish caves had been produced from such

O . ‘
The egrof was  corrected by using field

BENE
;
3.
2

measurements.

- surveyS§

Eaker (1973)_described cave passages in morphometric
teras and{fpund little difference between caves and surface
stfeans. Discharge was related to basin area for example. He
compared meanders to uidtﬁ aﬁd discharge and' claimed his
f. findings 'uefe closer to those of LeopoMt and Wolman (1960)
than to Deike and White. A reconsideration of B;kér's data,
’howéjét, indittes that his findings were in'féctvéloser
those of Deike.~and White. Furthermore, his ical
material vas apparently misplotted. Table 1 'pfesents
relationships between Gidth.and wavelength from both caves
and surface’riveré.
| The ‘guthor presented a short dissertation on cave
meanders iq 1973;.the-data and some of the fiﬂdings~§f which
are included in this'Study. |

* Kuniansky (1974 in abstrqci) studied several meandering

'

7

]
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gaverhs and poncludedu"...that the hydraulic 'geometry of
cavern passage nmeanders, extensively modified by vadose
_waters, tentatiiely corresponds to the_ aeometric meander
parameters for surface  streams." It is unclear whether or
not the "vadose waters" ueré\considered fo be in.equilibrium
with the meander forms.

In‘1970, Hanna and High proposed the applicagion “‘of
épectral'analysis to underground streams. While working from
a- survey in an illustrative' exémple, “they stresseq the

necessity for field investigation and suggested a ‘field

method for the direct ’compilation of discretised data.

Unfortunately, their data may have been somewhat aliésed.
They applied a direct Fourier ,transfoqpation, a‘ﬁiocess
which will produce only a very Jenegalised | spectrum,
espécially if it is not filtered. A

’I£ séems that cave meanders are generally of similar
form tovalluvial ﬁeanders. This is  not expeétedf in ‘the

context of bedfock meanders discussed,a%ove.ﬂThis~may be a

result of the nature of -erosive processes in ~the cave

meander.
Cave streams erode both by solution and abrasion.

Newson (1971a,b) claimed that most abrasion occurs at high

flows and most .solutional removal at "ldwe: flows, 'on‘

avefage. The abrésive procesé depend§v upon a supply of
sediment which nay =cone‘either-from‘sugface streams, cave
fiil_or be prodﬁced by(fhe breakdown and »e:osiOn of the
linestone itself (White and White 1968) . The £igh"s§1utiona;

o

\

e
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load "at low flows is due to the importance of the saturated
vpercblation vater component and solution within the ‘cave
passade is of variable importance (Smith and Mead 1962). It
séems that given solid :load, abrasive action might be of
gost ihportance} Perhaps electron micrdscdpy of the cave
uall-materiai may allow resolution of this problem (eg. Bull
1976) . Howover, Ollier and Tratman (in Tratmanb 1969)

considered solutioh to be of greater importance on
‘ morphological grouﬁds; They pointed out that the selective
erosion of’liﬁestone beds and the_resistance of "ueak"; but
insoluble, chert! beds fo erosioﬁ couih’not be reconéi;ed
with an abrasive enﬁironmént. They also considered the
verticai‘evolution‘of_meanders {no downstréam migration) ané
the presénce of ~undercﬁt meanders to be due to solutianal‘
processes.. Finally, -tpeybd pointedv.‘to‘%,the- ﬁbiquitous

'scallopihg of cave passages as an indication of solutional

erosione.

(c) Scallops .

Scallops are. concavé, .asynnetrical,l dish-shaped
_indéntatidns ‘varying‘ in "length from a few millimetres to
several tens of centinetres;_ They océﬁr in conjugate
asgemblages.oh cave éalls,-roofs and floors (see Fig.‘Sa and

Plate 1). Less conmmon are flutes,:regular trouéhslrunning

tr&nSverse to the flow (see rFig; 5a). There. has been
consﬁ&éﬁgble discussion of their brigin and significance. ’

‘ - O : ' ‘

Davis (1930) identified scalloping on cave walls and
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réc0gnised it as an erosional form. He-drew comparison with
sand " ripples shich are, however, not purely erosional forams
like scallops. Bretz (1942)- recognised a . longitudinal
asymmetry in individual markings, in which the upstreon edge
of each scallop was more steeply lnclined than the
~—663nstrean edge. Bretz suggested that boundaryzlayer -fluid
vortices caused and maintained scallops. He considered'them
‘ to be solutionol in originm, becagse small, weak, insoluble
inclusions = in limestone stood proud in scallops, and
insoluble beds did not display scalloping.
'Goodchild {1969) reported that scallop scale has been
" variously interpreted to be of age. sionificance or
regresentative of erosional type (solﬂtional—snall,
. ooirasional~large).“ It is now accepted that scollop length
ls related to some flow parameter, both on theoretlcal

\ /
grounds (Curl 1966) and field évidence (Glennle 1963 aud Eyre

1964, in Goodchild).
jfj ' scallops have been obeerved in surface rivers on both
soluble and insoluble rock (Maxson 1940), but Allen (1971)
‘'has shown that scallOplng is a unlversal er051ve forn, and
1t seems that Maxson's scallops vere pnot the same as those
found in caves. In his thorough analy515'of erosional foras,
Allen. consideted cave scallops'to bé solutional in origin,
but did not give any spec1f1c reason for this view. B
Curl (1966 1974, igd Blumberg and Cprl (1974)‘.havev

provided the- most rigorous theoretical and experimental

analysis of the scallop fora. Higley' (1972), using

kS T e
2} BN

¢ i X_
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dimensional analysis,. showed that scallop form could be
_ expected to depend on t - scale of boundary-layer turbulence
and the solubility of the limestone. Briefly, the scaie of
the boundary-layer turbulence is‘related to momentum of the
vater flow (given-by the.Reyﬂolds number)'and”the solubility
is dependent on ghemical and fluid proberfies (the Schmidt
number). |

However, 'Blﬁmberg and Curl have shown that the
dependence on the Schmidt numbér isi"insignifigant. They
illustrate the - behaviour "of flow over a scallop (Fig 5b):
the outer’ flow (1) is turbulen£ stream flow, the laminar
‘boundary’ layer becomes detached at 2 and remains laminar
until'3,vuhere it becomes turbulent. This’rgattaches, at 4,
which is the zone of maximum éfééion; ; part».c :-he flow
recircﬁlates‘int6 an eddy ahd the femainderlné) :eforms
into laminar boundar .. , which itself becomes detached
over the next scallop “rest.downstrean. | |

The erosion rates a?rffs a scallop gge»shovn in Figﬁéﬁ._

y . . ;

‘The location of maximum erosion at the point of’féattdqhment
causes the scallop to propogateidownsfréam at soﬂé?épﬁy into
‘the wall. o A

The distance fr§m _detachmént to rgéttgchment is-
defefmined by a Reynolds number uhiéh is characteristic for
the flov and "depends 4on«£hevveloéitx 6ffthe main flow as
»mahifest in the bbqndary shear stresg&fihis is é;so affécted
‘tq'some extent by the cross-sectionaiﬂgrea,of the} channel.
By usingﬁ rbughpess criteria chﬁ?aétéristid‘of séallbps,-it

Y
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ié‘possible given conduit diameter (in the case of a tube)
or hydraulic radius, (for a vadose chann< '’ and scallop
iéngth to calculate the Reynolds number for thek boundary
layer flou; The relationship is shown in Fig 6. From this
Reynolds number a stream flow velocity can be galculated

¢

knowing that:
V=(RU) /(LL) ecoceoccanenaeel’)

R} hér et ) q
;_R:is the calcu&?ted héynolds number
T i§ uatef density 
u is water.viscosity
L is the Sauter mean scallop 1éngth
ie. L= ‘Li5/'_Liz ) |
and Li are scalloé measurements.

Goodchild and Ford (1971) observed that scallop length
varéed isignificantiy betvween beds of limeszone at bne
focation. Wigley (1972) had suggested that this reflected
differeo 5 ip solubility (o: the Schmidt number). Biumberg
and curl did ﬁot.aCCept this and, furthermore, Goodchild'and

"Ford found that the chemlcal conp051t10n of the rock was of

no 51gn1f1cance, although thin sectlonlng had suggested that
<

roughness mlght be important. Allen (1971) had . emphasised
the 1mportance of surface defects in 1n1t1at1ng scalloplng
and Cug& suggested that smaller scallops might be a response

to defects in the llnestone, or Possibly due to nteractlon



between écallops. T he Sau%er.mean is designed to remove the
bias caused by smaller scallops in a sampling schenme.

Curl (1974) pointed out ‘that there are | several
potentié;' sources of error. in applying his énalysis to
caves. His graph (Fig. 6) is only accurate to plus or minus
ten percent. Th~ flow :hould be tﬁrbulent and in a fairly

large sized <chan:el’ without any major bends,kg?ich will

‘Ti;ﬂﬂ%
create variat. n the boundary shear stress,;as“will any
marked’ convergence or divergence of the” walls. The .

\

.

“calculations arg;pased on time-invariant velocity, but he
suggested that ”scaliops ‘arel influenced more by highigib :

’ . ' : : , RS o5
velocities. B oS

éurl also noted that intense fracturing and insoluble Q%w

,iﬁclusions would upse£ the regularity éf,tQIbulénce, and
that ggavy bed load or clay deﬁosi!&on vould prec{Pde
scalld% formation. ' ‘ .l . \‘

| Scafiops in caves ar;‘ptgbably solutional Eeatures,ybut

Y

_iike meanders; the sqallop is Sﬁfinite'feature prbduced Sy,a
var;;ble flow. Pogéibly the. population of scallop size; in
space is repreéentative of ﬁ&% population of velocities 'in
'timé, but this”is unlikely., Cuél (pers:.C%Pm.), referring‘to, e
vérying flow, hés said: "Thi% .k opens .the can of'yofmS'
éoncerning noh—constant flov and uhat'kindvof Scallpps form
.and ~what are thé,properties off"non—équilibrium' scallops.
I have no ideas to ansuér either questioni"® .

The erosional processes of some - caves, .séem »td be

manifest . in scallops and this suggests that some form of -

v
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ndominant™ discharge occurs. In vadose streams scallops are
observed to decrease in length above the stréam. This is to
be expected, for larger‘diécharges are usually associated
with larger velocities. Yet it remains unclear how, as the
stream downcuts, £h§ scallops chénge t heir size,‘ especially
as ﬁfhe width of many passages remains constant with height

above the streanm.

L)

Footnotes:
1. A series is stationary vhen its properties are invariant

with distance from the origin. 1

»

2. Aliasing -is a sampling problen which occurs vhen the

sampling.inferval.is greater than half the highest
A . . y
frequency of a  series. This gfrequeficy is not .

resolved and an artificial periodicity mayq be

prodhced

3. The 1lipited definition of indepihdence accepted here is:

L &

Coyariance(AlB)=O VQ

4. A sample converges -as its prope;ties " more. closely
apg;oximatevthose of its pa@ént population; This is
distinct from {hé prroblem of closure which results
from constraining variables to a‘fixe& ratio.>-(5ee’@

. ﬁg?
no

5. other authors (eg. Yevjevich 1972, 1974) observe

~Davis 1973)

- distinction between the terms random (or

probabalistic) “and stochastic.
] ' i

-
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6. The Nyqﬁist frequency is the minimunm frequency.resolvable
for a series.'-It is the reciprocal of twice the
initial sampling distance, or leg léngth.'

3)'Ford (1974) gives a fuller descriptive classification of

cave types ranging from vadose to phreatic. ,
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METHODOLOGY

(i) Field Areas

(a) Countj Clare

'One of the major glaciated karst areas of’ Europe lies
in North West County Clare (see Pig. 7).,Tbe'eaves have'been'
docamented\in Tra&man {1969) and only brief 'referehce is

Q .

made to them here.

'The Carboniferous Limestones are arbandkusom thick, and
massively bedded. The cavernous component  is finely‘
crystalline, marine limestone, with occasional chert bands

" and, rarely, thin of shale. There is no recorded

faultlng in the area, af%hough there is a dominant set ‘bf.
north-south 301nts, complemented by a subsxdlary, erthogonal
set. . There is noc mlnerallsatlon in the locality except for
"calcite fill in scme of the main j01nts.A'The vdlp is 2°
eouth-west on. average, but Vvaries somewhat'over the area'
with noticeable effects on the'speleomorphology.J

Shale unconformably overlies the limestone, but is

reduced to hllltop outllers in the area 1n questlon and is
i
entirely absent farther north. The shale is 1nportant as an

'1mpermeable catchmenr, feéding water onto the limestone and

FtR
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into the caves.

There has been extensive glaciation, generally lowering
valleyé and in places depositing .thick tills. The area is
the southern part of the "Burren", a region ‘tharacterised by
extensive a:éas of glaciélly eroded iimestone pavement.

The major caves are‘all located adjacent to the present
shale margins;u which were .defined largely by glaciation.
This, plus the absence of any evidence of ‘multiéyélié
éyolution, suggests a postélacial-origin féf tﬁe caves.

The model of development shown in figure 3 holds true

€ for most of the caves of the afed,'although a roof tube has
been-observed abﬁje Shaf; Gallery~fn Poulnagollum. The caves i
are generally tetminatedA in 1low, vide bedding planes, for
thé canyons are produced only in upper reaches, perhaps -a

R L . . e - 4 )
Wydrochemical factors. The dip and hydraulic

response to
gradient are.approximateiyfébncordant and many caves form an
integral part bf-dendritic drainage nefuorks, althdugh the
régipnal ~resurgences_ apiear bto, be gradéd to a lower sea -
level and are now supmarine;‘uany caves exhibit meandering
.seétidns, altﬁough in éomé teg. Faunarooska) =this—'is
dictated by étruéﬁuré. | :

The ‘meanderihg reaches selected for ~study = were

considered to ‘be free from such Canrol, although a major

RN

joint may have been important in the initiation ‘of some:
caves. (eg. Cullaun I, Fig. 3b). The :eaéhes ape all active
vadose Rgssagés carrying from around two to ten litres per

second during the period of study. While some caves have
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clean bedrock floors, all are known to carry some material
up to 160& in diameter during times of flood. Chehical
analysis of sfreqms flowing through: these céves hasi
suggested that they are actively corroding (Smith and
Nicholsén.in'Tratman»f969),‘but this may only be a result of
the addition of concentrated percolatioh vwaters. All
passages exhipit scallops of varying scalé and prominence.
Care was taken that no majqr‘tributaries’joined the
passages, SO fhat cénstant conditions in both tine and sgace
may be assumed, although perhaps only imperfectly realised.
fwo sites were selected in“Pouinaéollum (E7 of
Tratman)y; one in Shaft‘Gallery‘(heré’called "Shaft").and an
adjoining,re;cﬁ in the upper uainstreai (?uainsﬁ). Cullaun I
(C1, "Culla") was avless mature .Cave of 1owér sinuoéity.
St Catherines (Dg,’"Caths") is a tributary to the extensive
Doolin'system, as is Polldonough (B7, "Polld") to the

Collagh River Cave. Detailed descriptions, ‘“ncluding

surveys, may be consulted in Tratman (1969).
: : “p

——

(b) Gardners égt, Waitbmo

Thé_11.4km $urveyed of Gardmers Gut ("Gardneré") ~'make
it‘,ihé jiopgest known cave'in New Zealand (Fig. 9). It lies
in the Waitomo Basin, ‘a ‘major karst area, in the King
Country'.of Nbrth Islahd (Fig. 8); The area has not been
eitensively studied, andlfiost of fhe | following is
tentaﬁivei;‘ based - on field observafion, although the

geological descriptions and some geomorphological effects of
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the geology are drawn fron Kermode (1975 and 1976, pers.
vcomm.). |
The main limestone is the Otorohanga Formation (40-60m
thiék), vhich is overlain by the Ruakuri (3m) and Tunutumu,q;$
g18m) members. Upper Gardners cuts through the Tuﬁutumu and o
Ruakuri and the major part of the cave is containedr in the
-main Otordhanga Limestone. The Tumutumu and O;ondhanga.are
Cﬁimilar: éoarse,’ spary biocalcerenites with conspicuous,
flaggy "beds"- some 3-20cm thick, which mask the ﬁneven
bedding that actually exerts more structural. control ove;'
" the ca&es. The "residual beds" (Kermode 1975) between the
flaés contain $omeuhat vless calcite than the limestone
itself, and, while being prefe:entigily eroded in surface ‘
outcrops (Plate 3), are prominent in unde: -ound iocations
(Plates 2,5). The rel;tive solﬁbility of the two elements is
unknown, but - the ’résidgal beds arelcertainly mechanically
'weak. The .limestone ueathefsfunaergrgund to prodhce e undant
sandy sedimeht, which is'Suppiemented by  mate:iai,‘ largely

of volcanic origin, introduced through the swvallets.
, . : ' Ky

The Ruwakuri 1is a - glauconitic,‘coarSe biocalcerenite

-
/

and, being less flaggy, is mcre obviously bedded than the
.0torohanga. It also appears to erode more by qorrosidn and
supports obvious 'scéllops.'ahd_ fiufes v(Plate i). " Its
Aimpprtance in cbntrblling spelepidgicalndéQelopment has been
‘.pointed' out (Kermode 1976v pers.- coﬁm.),1 pht- remding
unassesssed.'Swallet'streams generally enter the cave in

’ stéep drops which span the thickness of the Tumutumu, until

~
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levelling-off ocours across the huaknri, whioh Kermode has
described as an aquiclude.

The area has been influenced in several respects by the
reglonal tectonic instability. . Geologically this has
produced a great deal of faulting and 'fracturing.
Neverfheless, the limestone of Gardners is more or less
horizontal, but exhibits Erominent north-south. fractures,
thch have controlled the form of_the cave. A supplehentary
set of fractures runs north—eaﬁt, south-west and has also
been of importance. The overall planform of the cave is
controlled by these two fracture sets {see Fig. 9), and in
some reaches fracturing has provided the means of Stream
cu?-off. .

The Tumutumu is overlain by siltstones: some 100m thick,

which prov1de catchments for . Streams flowing into the

linmestone. The gradual downcuttlng of streams onto- the
.Tumutumu and their subsegquent engulfment has resnlted in
- sequential swallet retreat, with progressive stream capture
and passage abandonment (Fig. 10). This process has been
/somewhat compllcated by the periodic dep051tlon of vclcanic
ash over large eas. This produced extreme sedlnent loads,
"which may have choked some cave passages. |
The eawes'-of the region appear to be multioyslié,
exhibiting up to three distict 1evels (Wiltiams 1975 pers;
comm.). This ma; be a response to changlng base-level or

perhaps to downstreanm changes. The upper reaches of Gardners

_ show two major 1evelS' the higher ©of which is represented by
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Artesian Hili:\Boneyard—ApriCot Pie, and the Peter Lambert
ievels; and the lower by the present streamway. The effect
has been complicated by swallet retreat and capfure, but
generally it is assumed that passages more closely graded ;e:>
the present streamuay have been more recently abandoned.

These fac;ors have been conbined to produce a possible
sequence of esents leading up to the present (Fig 10). The
main ,reach studied runs from the point where the Helel"L" '
stream joins the main streaﬁway‘dovn’to Waterfall Passage.
The evidence suggests that this reach of streamway has not
been greatly affected in its development over time by

’

changes in discharge, baselevel, er catchment area.

A “view of' the surfac ~oove the maih is shown in
Pf%te 4. Water has cut through the (perﬁéable?) siltstone
cap andb produced a mass of closed depressions; a "cockpit"
landscape.lfhese depressions’ are _manifeSt underground‘ as
avens (see Fig. 9) or dome pits. A large numbe;,of avens are
fbunq beneath tﬁe cockpit surface - and many :(hostly
unsur veyed) exist above the‘ meandering passage, or are
iinked ‘to it by short, high-level passages, some of which
are new calcite biocked, vhile others are”activeiy eroding.
A  rather large inlet of this type 'is shown in plate 2.
Brueker et al (1972) considered these features -to 'be a"
result of percolation of small volhﬁes of aggressive water
from the surface fh;ough'to the Eave passages. This aﬁpears
" to be true in Gardners aiso, for there is no evidenpe that

the avens have ever carried large volumes of water. There

P
x
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-are éertainly',no _explorable passages at the head of those
which were ascended. /

| It is therefore considered that the mainv reach, which
runs’ beneath the siltstome cap, has been hydrologically
staiionary throughout its recent historj. This is not true
for the short }engthsv of passage surveyed in theVRuakuri
between Helms Deep and the confluence with the Cleft of the
orcs Jstream, which are generally narrow slots cut ;nto thé
floor of larger passages. This was brobably, a respoanse to
the ¢apture of Heims_Deep headiatcxs (se. r.ge 10). |

. Structurally, the main r:»~h is not s?ationary, for it

does not follow avsingle'fractuLc foy LtS‘ entire le;gth.
This reSulted in  sudivis.on into the segments éhown in
figure 9. ThellODg reach ("Hole-L", for Long) was initiated
largely from a singié fracture, or setvof ffaétures (Fig. 4,
-Plate 8),‘ although in- sonme ,places 4this is leis
-st:aighfforuard, Fracturing does become more common in the
lower. reaches of Hole-L (Fig. 11). "Hol;-E" (for Ex;ention)
follogs a-south—west, north;east fracture, and has developed
from a '~complex, joint-controlled passaqe. It- is
'chafaétérised by breakdown which is prbducéd by the
interaction'of the two joint sets with thé meénderiﬁg sctrean
passége.'An example of preakdouﬁ due to undércutting of =2
" joint is shown invplates 6 and 7. A lower serigs,_fﬁolé(
'(for qunt-controlled) was suryeyéd because it appeared

‘be partially joint controlled.
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The two karst areas may both be regarded as huaid and‘

temperafe, although other éhvironmental diffefences are
likely, for example their hydrochemistry is probably as
different as their éeology,' but these factors~ are not
c0nsiQefed here. The Irish caves ap 'ca. @wore straightforward
in their development and.are probably much younger (with the

doubtful exception of Poulnayoilum). They have also been

less structurally influenced in their initiation, . and

meanders have often developed only 1im below the initial

bedding-plane phreas. Gardners® éarly fotm was largely

.dictated by structure and only in the later stages have:

hydraulic factors been-dominant, giving rise to Such forms
:as the meanders.

| While the overall tdpélogical properties of the systems
are. sihilar, major differences in the actual‘pattern of the

caves are obvious.

(ii) Field Technigques

The technigde of surveying meander series as an equai—
interval, directional seriég uaé evolved eiperinentally, as
there was no accepted field techniéué available. A compass
vaé mounted on aﬁ aluminum pole which was attached by nyloﬁ
cord to a similar pole. The pole-va;‘kept verticél by thé
'obsefvaiioh’vof the floatiﬁg card within the sealed compass
unit. No badkbearings were taken. oA

| The channel. width ’uas measured to the neérest

centimetre and the compass positioned in the channel centre.

-
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The compass was sighted onto the second pole wvhich was
similarly placed in the <channel <centre, unit distance
downstream and the bearing was read to the ‘est whole

degreé. A record of bearing and channel width .« = Rade :on
waterproof paper. | /

The selection of he .umnit distancé Qas "Initially
subjectiye.'A distance was chosen which would abpear' to
maintain a reasonable change in bearing‘betueen stations(_
yet would adequately describe the bends aﬁd not intersect.
tne fassage valls. It was also ;importﬁnt that the
measurements éhould cover a reasonasle léngth of,chahnel ~dn
the available timg. The leg length definéd fhe Nyquist
frequency far the series and it was desirabie that this was
. higher .  tham any naturélly occurring freéuenCy; If this iqte
so, then the spectrum .for a series youldQ“contain‘ some
eétimate of variable field-neasuremeﬂt.error as the variance
at the Nyquist frequency. A“distancé.of 1.5n was selected
and this has been wused cons’ :ntly iﬁ _order to allow
comparisoﬁs between different  locations. “

.Subsequent error analysis; showed that the overall

compass error (2°) is equivalent to au error of “5.25cm in

v

defining the channel centre. The width measurements wvere

therefore not as critical as the orientation. ﬁidth
measurements were fcund extrenelyatineﬁéonsuling;.thetefore 
in érder to realize a, lcnger series, uidths‘ were not
recorded from Gardners, , where a series of 380 bdata< poi%

_ /. S
was qbtained (but later subdivided on  structural grounds).
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:to plus or ‘'minus 59, but th 'as acceptable in th

the present stream-level by locating, to’ the nearest streal

68

This ommission was much regretted in subsequent analysis.

-

The question of meander evélution"was tackled by a.

survey some 2m dbove the main stream section in Gardners and
was called Hole-H (for High-level). The survey proved
difficult; but 1less so than an attempt to reconstruct

earlier mea: der form from successive cross-sections along

the stream channel. Distance above the present.stream level

was assumed to be representative of tinme, although‘athis"

>

, . N .
remains an-assumption, because it is unlikely that the rate ‘

of stream dquncutting' has been constant . along all its

length. It was hored to survey the initial fracture from

which the passage'had developed, but this. was not possible

"because of ‘“ethical" and practical difficulties (Piate 8)

The eventual Hole-H survey was assuhed to be only accurate

“ . ) . %
circumstances. An attempt was mac .0se the survey

level. station, - the points wheg:e \}'theaigh-:le’vel' Serigs

L. [

‘crossed over the low. o ‘ T

W . * o

Joint surveys were made 'to the neargst'five degrees- in
! - ‘ i N < . . ) ' .
ar that the joint

all 'caves, but ‘it . gradually became cle
. x> I

o

: o s .
.'survey as a frgguency distribution was less important than

the 1location of t hé individhél joints in the stream. This

<

‘culminated in‘thp recording of the approximate location of

. &

every obvious joint in the Hoéle-1L and Hole-E series. -

Other features . such - as “inlets, .breakdown and
bifurcations. were ggcorded.' The - latter . forms proved

) .
. 1

~




69

. ® , :
intruiqging ’E’ they were not observed in the contemporary

streanm, but only as fossil featurq®-in the walls. There was o
no evidencejof structural effects, but it seems intustively
unlikely that they represent a bedrock analogue of braiding,

unless the form is inherited from alluvial bedfornms. The

stream -im Gardners appeared to have recently reached a more

frac&Ured bed of limestone, and in several'idcations cutoffs

™ S o '
@eum initiwated. ’
: : Gradient was measured from the hydrostatic head, using1
: 7’

¢ .
clear plastic tubing. This was inserted into the stream and

s f?:ghe level of water in the tuke measured five or ten nmetres

downstream (see Pierre 3970). Gradlent was notjmeasured in
Gardners, partly because q; the dlfflcultles encountered at

S . ) v
cutoffs “and because the 6%§nn91 was . 0n a sediment . bed¥
M R "A) N - .

throughout and gradlng would p0551bﬂy nave concealed» any

Structural effects. ,ﬁm' " .,' | 3
Lot B . N L I

For Shaft,« Culla™and Caths.a sc€a.lop sample was taken

at Sm intervals. The 1on§est iongitu&ﬁnal axis wvas measured
- )

from three scallops -on e}bher side of ,the‘ stream, and at

. ‘k\'z'}‘“
varlous levels. Scalloyg‘ vere also measured from a small
S Mo .
s Yy

reach\of”channel beloﬁeﬁéims Deep, but vere sampled every v

im. There was "some dlfflculty in obmalnlng ‘a sample wlthout
. c‘ N

'sub]ectlve Judgement. The scallops uere‘\not » uniformly
developed and the more promlnent ones were generally sampled
'on the tenuous assumptlon that ﬁhey uere ¥n a finer state of
equilibrium  with the flou. Ultimately the small, ,but'
extensive.samnle was dgemed unreliable, and the measurements

,.d'%,_
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from each level above the strean vere lumped. The

appropriateness of the sauter’ mean; given the subjective
sampling is uncertain. fhe main reach of Gardners did not
sunport scallops, probably beoause of the sandy nature of
\tne limestone, the heayy'ksedinent load, and alsosgtnen

interaction of the residual seams with the flow.

(i11) Data Andlysis ' , f%’, <)

The “main series produced from .the field work were;
Bearlng (regerrted to. as 'B'), Wldth (W), and jolnt patterns‘
(J) - Gnadlent and scailop data were obtained from +‘sonme

.locatlons.~ The s'”a gﬁf aa:e transformed in order rto
~'fac1lltate determanﬁédyhbf“iherr underlying propertles.

RS

The analy51s may be phllosophlcally dfv1dedg@into two

~”bverall approachea; whirstly the»serles may.be "lumped“'and

) | ‘
‘the‘series ‘pProperties, orw«average behﬁylour confldered

Alternatively‘ the data may be anken 1nto 1nd1v1dual bends @ﬁ
(halfguaz;lengths) Whose propertles may be -measured, " and
then either studled as a series or a’dlstrlbufnon. This

P

constitutes a proces% ' i%?rétisation,'onlyv the - sampling

S

ipterval 4is defined nn;varm;-uratﬁer ‘than by a‘unit of
%{ o S RN s
»’@fstance. Fach method has its advantages and they are not
P ‘ g . ) .
mutually exclusive. The, poss1b111ty\of structural control

vtends to render the latter method more appeallng, espec1ally )

o .

where major controlllng factors are knovn to be  non-

-

statlonary along the stream.v : : . ' o



(a) Data TranSfofmation

The mean of each .series
vector, as 1is appropriate for
1972;, and the deviations of

-

we e calculated (the D-series).

-~ rect on

the 1 highep yer

cond differences wersig

N

and
. o

had to be applied with

ftransition. Therefore, wvwhen a

across this boundary, its

difficulty

- was temporary,

-than 360° could be occasiona ly encountered.

¢

“not great, houever, die

orlentatlon Of the cave stream

rhe radlus of curvature vas

‘length, aivided by
page 95,

5“

(see spérare‘beth 1974,
of

by its negatlve exponentlal

This ‘means that

beaffﬁg. p.

N '
occurs, . a

one degree

This transformation
ents of the series.
o.,calculated to pro&uce the
care,
numerical

and that bearlngs less than

to

relatlonshlp - o
when

difference
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was calculated ag\the mean

dlrectlonal data (Mardia

the bearings from this mean

has no

The flrst and

1" dB"

"ddB" series respectiVely. The D and dB transfornatlons

because of the 0-360°

v

series rumns from below 360°

values drop.. The

was acconmddated by assumlng thdt the tran51t10n

0° and greater

The problem wﬁ%

+ om

the"fortuitogg southward

< .
=Y

]

calculated as the half leg

the sine of half the change in bearlng

for proof). The

radius of curvature 1s largely conceptual and is llmlted

change in
a small change in bearing

*will produce a large

. - 2 °
@ fference in radius of curvatu;i. Therefore, the measured

bearing:error (which is
) . £ ]
in bearing) 1s

transformation.

changes

. - o

proportionali}\ greater

magnified

at small

. )
considerably by

F

¥

usefulness

the
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w.mlnd1v1dual bend serles.

12

The bearings and leg length were converted to .;arcesian
g
cd“nrdlnates, and stream-level plans drawn up wusing the
"McMaster Cave Plot Program" written by M. F. Goodchild and
J. Coward. The high-level data'fron Hole-L (called Hole-H)
was modified to close with the‘fixes obtained on the lower

series. Corrections were made to both length and Bearing

bt+ween individual points of <closure. The new series was

‘called Hole-N ¢for New).

The Sauteg means were calculated for the scallop

samples, which as noted above, were lumped for each series.
The valldity of lumping was supported By the lack of any
significant correlation_between scallop length and gradient,

or betueen the difference across the channel and change in
. : e
direction. The recognised weakness of the data prevented the
application of nultivariate méthods.
' g -
; o % W S'(-: o . d,

(B) Slmple Statlstlcaljnomentc‘

The mean vector strength (R) was calculated along with
the mean vector direction. MOne minus R is the circular
#ariance, and it varies from <zero ‘'when bearings | are
constant, to one when the data is uniformly scattered around

the eircle. calculations of 51nu051ty were made over the‘

-

~full length of each ﬁerieé, &hlch always -gives. a higher

. . ‘I
H N /

r

value than the average s1n0031ty of a series’bf single,

bends, because of the irregularity of the bend orientatiogig
. ( : .- . , LR X

AN

' The overall sinuosity was compared to the average frdn the

The sinuosity from each series was
-y " -
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compared to that calculated froa the variance (Ferguson
1977) and ¢to the reciprocal vector strength. When the
overall sinuosiﬁy uasvgreater t han 1.5,‘the non-dimensional
.degree of wiggliness was also calculated (Ghosh and

Scheidegger 1971).

The bearlng data and their transformations wvere lumpeﬁg

"1\ . ¥ -“Zr'
into frequency histograms, and the form of the.. ﬂ;strlbutlon

s1a

noted. The 4B series vas tested for normallty as thls'

appeared to be a characteristic of alluvial meanders (egq.
n. 4 ' . .

: i

Thakur and Seheidegger 1968);' The observed'and expected

frequenc1es were compared u51ng the Kolmogorov Smlrnof, (&ﬂ)»

one—sample test (Slegéf 1956 and Mltchell 1971). The KS test
Wis more usefuL than the Chl square test in 51tuatlons wvhere

differences other than in the mean are anticipated in the

data. _The'»<:st acts coﬁserdatively when certain of its’

asSumptfﬁqé Wfe not fully Seallzed, which allows one to

maintain .someé measure o§~bonf1dence in its results.

*

Although @ardia“ (1972) has described the statistical
tests appropriate for circular data, these were ' not

understood sufficiently to rationalize their application.
The dB series is in scme respects suitable ﬁgg treatment. as

L7

linear data. o ' o L

The kurtosis . of the " dB distribhtien vas calculated,

¢ because“HChang .and Toebes k1970) had found that' the

distribution of dB for'bedrock meanders'was‘more leptokurtic
(peaked)- than 'that- for meanders in ‘till. Although this

H§¥fimplies meanders of;éﬁomeuhat larger wavelengrﬁ,.-it may
. . B P

I
}
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equally represent lower amplitude. The  physical

interpretation is therefore ambiguous.

(c) Structural cc trol.

One of "th- saqjc consideraticns of the present ‘thesis‘
is wneiher> the mvauders in caves are free meandersr The
passage' =response to water flow is accepted, but how much

is the meander form constralned by structural effects? There

-\‘, 3

. vJ 4
is no absolute ‘geometry thch can, be expected for the cave

meander;lthe;uaveleﬂgthdof meanders"in' bedrock - has been

3

'hoted' as an area of debate. It s necessary, therefore,'to

'establish propertles of the meanders from , ‘Eerles

o L .

o

‘themselves, s&‘that any 1rxegular1ty may be determlned

Ihe distrrbutlons were studled to see if any effects

3 3

vere obvlous, such as ‘a preferred dlrectlon ‘away from the

wa

i w vy

meanw’ Thls mlght occur if the dip were not parallel to the

J . 3
fracture orientation. The Hole-J_distrlbutlon vas also used

¢

as a control.
L B B : ‘,1}"‘-, e R ’ 5‘.\‘7
The joint surveys ‘:ere lumped into frequency

AN

ydlstrlbutlons and compared to the dlstrlbutlon of directions

for each serles.‘No ﬁatlonale fpr a statistical comparlson

N :
was avallable. This is partly because of the.axiald (0 1809). -
nature of joints: compared to .the full circle dlstrlbutlon of

directionj although this may be combatted by halving or

douhllng of-'the appropriate distribution.  The joint san@le

is a dlscrete distribution, .sampled - whenever it is

‘available. 'Tﬂé, bearings ire a series which is serially

L



15

»
dorrelated; a contiﬁhods distributi¥on -discretised into a
) 1] .
finite data ‘'set. The wtwo elements are not indspendent in

=

their sémpfing. In order to test for any similérity, the two

sets must be ihdependen; and random. The joint sample was
taken from joints intersected by the passage walls. If a
particular joint were directiﬂ&zthe passage, it ‘HOuld not
‘intersect the passage and Jjoints would be sampled mofe
frequéntly'in proportion to the angle —they make with the
controlling joint. Corrections. are available for tﬁisv)
sampling’errqr%'(Terzaghi 1965), but they are difficult té “
. v ,
apply-in a meandering cave. The joints are, furthermore, not
uniformly distributed a%ﬁng the1qhanhel, and to lump’thém
into a histogram iqplies %haf'the distribution of joints 1is

N

: g&sage'at all points (or is stationary). The

acting on .%
joint is efgf-» ée only whgre it is ig%ersected.

No statistiéal tésts betwéen " joint and’ paséage
§ dist£ibution ‘ uefe\w made.: It is likély'_ %hat -any

‘differentiation of the samples would have been unréliable.

~.The inability of wearlier attempts to relate passage and

‘ ‘}‘: SR
oy ? j

| passages, has begg‘“referred to above, and this makes. the

jbiht distributions, even in manifestly joint-controlled

~likelihood& of establishPfig” any such rela'tionship' in- a -
T . o : - '
vyalidering" passage  véry _ small. Only a qualitative

comparison was therefore made. -

Alternative metbodoldqy‘uas developed 'to tackle . this

problem. An approximation to an expected and * observed

distribution‘is.possible to condtruct from a long series, if
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the precise locations of the joints are known. The direction
and change in direction series may be divided into those
elements occuring where joints intersect the channel and

where they do not. If the joint control is limited in this

. LY
manner (which is unlikely), 1t is p0551ble that the effect¢u»

will be manifest. Larg§® changes in direction were noted
. )

occur where a joint bisected a meander bend in some Iri:
caves., |

Joihting is assumed'to be an homogenedusg?population,
thus each observation is assigned an equal weight. ThlS is
inappropriate, because different families of joints exist in
space, and a Sﬁpgle j01nt varies along its length. Not only
do joint pr0pert1es vary, but the 1nteraction of the water
with the joint depends on several external controls; the

hydraulic gradient, the stream velocity and‘volume,>and
' %

aggressiveness,_for example. Therefore; it is impossible to
predict the extent to which a jo;nt may control a particular
cave passage. Even lI the j01nt1ng 1tself tias homogeneous,
it is not known if a stream would follow ‘the joint

precisely. The amount a passage directi~» may depart from a
g , passage dir Y fr

. : : ) . N % s

“"controlling% joint is unknown. 1

-

Ongley's (1968) test of the fre uency distribution of
ﬁhmber ?f bearings‘;per degree;'cl ss against‘ra_POLSson .
distribution was madeg The distributioh,was cOmparea to¥ the
‘Poissonidistributioh«using,the~ks'tesx{ There are conceptual

' < . - . , ) .
ﬁiffighlties .in the ,applicatioh of this test, however. It ”
assumes a particular joint'or set of joints'[vould control

»
&)
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the passage in an absohytev manner. It is unlikely that

vpassages would conform to ﬁplntlng in this way, because of

the 1nhomogene1ty of th@%ﬁ%lnts and the momentum of flowing
water, The test wvwas modified to 5° intervals to compensate
for this, although the test is less powerful as a result. It
is an assumptioh that = the _Poisson gistripution“ is an
appropriate de;criptor of free meander form.-

‘A less obvious form of structural effect . was observed
N

in Clare. Shelving in cave walls consists ~of " sharp,

horizontal ledges which appear to be produced by the

preferential - erosion of invisible discontinuities in the

limestone (Tratman 1969). A prelimipary study of this

feature suggested that it was directionaﬁly dependent,

because it was ,&ore freg‘tly observed when the passage was .

: Ehlar dlféCthDK Although no conclusive

i‘?/(v i

running 1n,a pH

~evidence has peen gathered, the possibilitx of directional

control was examined by plottlng -width agalnst direction. A

regression is not “approprlate as it would-test only for a

linear relationship betyeen the two variables, whereas' the

: (
relationship is probably more gpnplex. Also, the ﬁumeﬁical

‘D < (f, ot

'"values" of direction are not magnitudes as, are passage

)

widths, which means the directions are merely a type of"
A Y T - . ,

o ’)

nominal data in this case.

Struetural ‘control ~must,f therefore . be . a “field

‘
»Y‘

'observgﬁie; -and volumlnous data ‘has no power for such

problems when it is con51dered out of context. The effect of

Ceg

structural control is p0551bly manlfest in other aspects of

- ~
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the analysis, for exampl® the symmetry of left an right

bends and the downstream persistence of series properties.

(d) Meander Properties .
1. Series |
There' are some meander properties which might ~ be
expected ffoa siudies of the alluvial case. The ratio of
radius of curvature to width has been observed xo“frequeﬁfly
lie around two té thrée. fpis'uas tested in the Irish data.

Previous consideration ofz'this telationship does not

recognise the domain problems'.ﬁncountered "in calculating

~radius of curvature for sﬁdif;changes in direction. If a

‘change in dlrect,}[@n of 19 is tego';ded theﬂ»xpected uidth.of

AN

passage Ior the Irish caves uoulgp ":beb%ébh 70m and 430m,

quite apart from- the -1nf1n1te ’wldth assoc1ated Hith a

¥

straight' channel! The ‘relationship is. obviogusly not a

straightfbfward one, but was invesilgated s a possible‘
! invegsigated g

meander'characteristic. ' , o
: u

Surkan and Kan (1969) reported a’directiodal_dependépce

of the stanﬁérd dev1at10n *of change - in direction. This
‘»\‘ . . Pa Re 4R " R
possibility was tested £ %y divi?img the deviation fronm
the mean direction into 109 intervals and measuring, the
. ‘ !

v

standard deviation of the changes ;n,beating associated with

PR v

each class, The class sizes atwthe'e;tremes,were often very

. small and an aﬁfempt vas made to 7coﬁpensate for bthis_ by

d1v1d1ng the standard dev1at10n by the class freguené!es,‘

‘the square root of class frequenc1es, or. the mean change in

o
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direction for the sample class. .
2.‘Individual Bends_
An ipndividual bend was defined as é single run;ofvsign
of;curvature (change in‘direction)‘follouing Ongley (1968).

~

Single  membered :runs were ignored as .unresolvable
_perterbations of the passaée. The individual bend i
eéuivalent to half the wavelength of a meander, but allkws'
,resolut;on of relétively ’“sﬁort—lived“ behafiour Qf‘ the
planform. The parameters of each bend calculated vere: tge
mean deviation (in fabiés referredl to as MeandB), the

standard deviation of change ip direetion (sgevds), the bend

. : : . | o
spacing (Wavele,, half " normal wavelength), sinuosity

(Sinuos), strean . length QQ;' vafclength" (Arclen), thé5:

orientation of the line defining yévélength (Orient), and,

a -

in addition, for the Irish data: méan . width (Meanwi), and *:

1.

standard deviation of width (Sdevwi). #

A comparison ~was made betwgen the average, standard
deviation and coefficient of variation of each pargmeter-for

each series to determine if any - systematic variation

existéd. The differgnces between right and left bends in

each cave were studied for each parameter to see’ if there

§ )

‘was any'(COnsistency within regiqns, as a response to the
. . \ , 2. . L

coriolis paraneter, for example. .

v ' '

occur together, or the'possessiOn of “the Markov property,

was investigated by aitocorrelation of the parameter séries.

. The tendency ﬁor'high or low values of parameters to

'8

I . L . - , -
whife series of elements less than a single bend have been- .

L ~
iy . . eowe

N |

-

»

x

i
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fairly widely studied, there does not appear tovhave been
any consideration of the manner in which' bends follow one
andther}_‘A lag of twenty peroent'was used, which would have
caused some loss of information.

Correlation matrices were calculated for.each ‘cave to
determine if the relationships between the pagémeters could
‘be eonfirmed, in both’a.general and specific sense.

The freguég%y distributions of values for mean change

Qﬁ‘r direction, wavelength, arclength and or;entatlon'uere
also calcnlated to investigate the nature.of the nariabiiity

q
of the sampies. The méchanism of bend def1n1t10n llmlts the

-
oy

resolution somewhat, but it was gelt to be approprlate in

order to facilitate comparlson Hith‘earller studles.

0

(e). Statlonarlty

[} wo ) . X . Loy

;&%; Most serlesﬁsampled were nat long enough to render 'a

_comparlson, of its propertles for.dlfferent segnents'more
) T ‘ o ) il
than a trivial exercise. The greater length of Hole;L, pius

Hole—"'permitted vthis}, however.: A rhnning'sample'of 100
' (F

nglnts ¥as taken along the length -of the serles jumplng by

”ten points each tinme. Estlmates of mean and vector strength

were taken on each sanple. The fluctuatlons in ;the' sample
were probably as- . much a response to the p051t10n of the_

serles with respect to 1nd1v1dul bends as an 1nd1cat10n of

V]

r-statlonarlty.. Llnear trend in ‘the raw data was tested by
simple linear regression of order agalnst the wldth and the

transformed bearlngs'~(1e. Qeviatlon from mean direction,

I

i
i



curvature and change .in curvature).

Linear trend in the meander bend properties was also
tested for by linear regression; Hole-L was divided into two

parts and-spectra calculated for .each.

(f) Markov Properties

The information contained in rhe transition‘probability
matrix (the TPM) was studied as a‘descripfor of rhe‘overall
propertles of the series and their transformatlons (see ; Flg.
2) - T%eMQErles used were made up of Q%uns df positive and
nega%%ve nnmbers which were taken as the‘characteristic

states. The series studied vere; the deviation from the mean
P g - A!

bearlng (D) , the change in bearing (dB), and the ,change in

LY

- change in bearlng (ddB). Before the matrlces were composed

0 i)
the series weré truncated so that a\nnmber of whole cycles,

or wavelengths, ‘were conSldered.'.Thls was found to have

i

51gn1f1cant effects on the matrix 'val%esL Zero tran51t10n

~
values were set‘'at plut or mlnus one degree, followlng ﬁhe

o

sign of tbe preceedlng value. . o b s

" The TPM was tested fqr symmetry across its correlation'
= e i

[
_diaﬁ%nal by comparlng the actual valuis u1+h those expected*
° ﬂ -

for a state of perfect synnetry u51ng a Ch12 tegr

The change in value of correla 1on)and -antlcorrelation

N ’
oL -
-

'diagonals 'in 'transformatlon - carries. 1nfornat10n on the

‘_vl

‘nature qf the serles perlod1c1ty. In a regular wave in whlch
‘each cycle does not depart fron the aean dlrectlod, there is

no change in the matrices of the dev1atlon from mean and_

. . Fal

Ed



curvature matrice;. The amount ot «change in the matrix
reflects the extent to which oscillations occur away fronm
the mean direction. In a wave where curvature is a minimunm
at the crossover points and a maximum at the apices, the
chanée in curvature has twice the frequenéy of curvature.
There 1is no such periodicity in a circular wave. The changes
in vélues in the curvature versué change in curvature
transition matrix, therefore; show tge regularity of
chggging curvatuie. Changes in the correlation angonal
contailn informafio;\;;\\pe conservatism of states, while the
anticorrelation diagonal demonstrates the numbér of &hanges
in state. The calculation of the above forﬁ’the, transition
matrix gives the absolute nuﬁber of each state gained or
lost. The +transition proportion matrix “summariseé thé
proportion of each state, and is therefore more useful in

comparisons. ¢

The utility of the matrix as a descriptor of series
properties was dependent on the strength -of the Marko®
property or memory. This was tested using a method outli.ed
in Harbaugh and Bonham-Cartef '(j970) in which a‘ Chiz
statistic is\ggicuiated from the TPM and transition matrix.

The extent of the-Markov prbperty'vas also calculated'
by seeking the limiting matrix. The liﬁiting matrix is one
in which +the rows afe identical (In other words, the
follovingAstate is independent of tqe preceding state and is

merely controlled by the relative frequency of the

part® 'ar states in the series). It is calculated by
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R
sucessive multiplications of the original TPM, which is
analogéus to movegent along fhe series according to the
Markov model. When the limiting matrix is arfived at, the
number oE iterations performed defines the range over which
indepéndence is acheivld. T he limiting'matrix shows whether
oL state 1s preferred jover another in a series, whereas the

symmetry test compares/ the relative number of conservative

transitions (ie. where sign does not change).

The presence of asv .etr: m v be variously interpreted,
depending on the 1ini .. sformation to which 1t is
applied. The direction (. : s shoWws the preference ot

directions to one side of the mean direction; which might be
o§ some structural ’significance, providing the seriesh
maintains a gehéral tendency towards the mean direction
along its length. The -curvature (aB) series comp: the
ragius of bends to the right and left,  and the «chzn in
éﬁrvaﬁure (ddB) saries .matrix may describe variations in the

S

rate of intrease or decrease of curvature along tihe series,

which indicates whethefgthe seri;s is Symmetrical_v'
of stream direction ‘Seé Table 28). The ddé matrix is more
difficult to explain iﬂ terms of bend properties, as this
yould require the 4B tuﬁg to be first order curves with only
oné inflectionf The dB and ddB matrices probably ‘are relafed
“as much té hydraulic as to structural factorst Any clear
asymmeQEX was compared with asymmetry observed 'in  the

average right and left hand bend parameters.

‘The TPM can only be interpreted on the assumption that

/
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the series 1s stationary. The de;crjptions are of average
bend  properties, and 11n short series the ‘matrix 1is
especlally sensitive to "anomalous" bends. This was checked
by testing individual bend ©properties for both right and
left bends. A Chi? test for stationa-ity, documented iun
Harbaugh and Bonham Carter (14970) was'apﬁiied to the series
which was divided into three approximately equal parts.

The Markov chainAanalysis was not developed, ©partly
beacause ' of problens of‘stationarity and partly because the
higher crder transformations (eg. the fundamental and amean-
first-gassqge—time matrices, Collins 1975) were difrficul* to

interpret in both abstract and physical terms.

(d) Spectral Analysis

Spectfal analyses Herg-fperformedv usi , a "BIOMED™
package;  "BMDfOzT,“ Autocovariance ' and’ Power Spectral
g%aiysis" (Dixon 1968). The program offered several optional
traﬁsformations of the data, although only detrending was
applieq. The nuonber of lags chosed was‘ 15% of the series
length, as ghis appeared to produce aﬁ accebtable level of
resolution without untovérd data-loss, nor'productidg' of a
"jittery"™ spectrum. The curvature transformation was used in
calculating - all spectra, Lecause the series contains
oscillations cparacte;istically fluctuating about crossover
points.

The frequency bands of the spectra were converted té

wavelengths, and compared to the . population of individual

L
“
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bend -pac:ings for the same reach. The spectra were difficult
to irterpret for a number of reasons.’ The pand width was
ratber larqge (le. resolution was not good) even with the
lar-est gpumber of lags (30 for Hole-L). The spectral
estip: <o (as frequencies) de not convert to udvelength
linearly, and ‘the wvavelength equivalent of the spectgal
estimate are hiaghly attenuated at large wavelengtﬁs (low
frequencies :here a sinéle band might cover .10m) and finely
resolved dt s ¢ wavelengths (eg. 3 5m wavelength).

| No useful 51gn1f1cance tests were available for single
spectra,. Sut evclutioi.ry changes were inspected by
comparing the spectra from Hole—H'and Hole-1L (the upper and

lower levels along one reach. The Hole-L series was tested

for stationarity by comparing spectra from two halves of the

. L2
series.

(h) Scallops

The scallops veré"'reduced to the Sauter/méan (see
Chapteé 2) and Curl's (1974) methodology applied. Hidtﬁs
were measured at thé,time of scallop samgling in Culla and
Caths. The . channel 'width over mean séallop length, was
calculated and the charactefistic "scallop Réynolds numbern
calculated from figure 6. The channel was assumed té be a
"parallel valied conduit", but +this may have causéd an
underestimate of Reynolds number espécially for the stream-
level rsamples, because flow depth' is not great and

frictional retardation of thg bed is not considered. in the
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method. The characteristic tlow velocity was calculated fronm
equation (1) in Chapter 2 (section vii, c).
A reversal of the Manning equat%ﬁm allows the hydraulic

radius (B) to be calculated. from the slope (S), velocity

(V) and a characteristic roughness value (n) as:

R;((Vn)/sos)15...........(2)

The value for n was taken as 0.025 and ;as derived from
White and White (1970) and field estimates made in scalloped
Fassages in Northwest Yorkshire, England. n is a dimensional
constant and all length units musf be expressed in metres
when the Manning equation is used.

The . hydraulic radius 1is related to width (w) and depth
td) by:

L
R=(dwW) /2d+Weeeeueeeaarenaaaa (3)

This equation can be reversed to allow calculation of

~depth thus:

Q=WR/ (W=2R)eeeecscecnsannaaas (U)

Knpving mean width from measuremenfs, velocity frél"
scallops, and having caleulated the depth value,“' an
approximate estimate of "scallop-foraing discharge™ can be

éalculated.



RESULTS

(i) Data

The cave passage plans were reconstructeQﬁ from the -
béaring data and automatically drawn ﬁsing the ﬂcﬁastermCave
Elot program. The plots were reduced to suitable sciles for
single page presentation (see~Figs. 11-19) . The high;level
sur.vey “above the . Hole-L strean (Hole;H) 'yas found, as
expected, to diverge from the lower survéy because: of' survey
error. In analysié,‘the’rav high level data uefe used where
constant unit sampling interVal was important, for example
in freéuencx distflbutio;s. However, in order to have some
contrbl o?er meander form, the high-level series (Hole-H)
was closed onto the -Hole—L‘ series 5t recofded crossing
points. This produced Hole-N, a new Series,~theoreticalli
more accurately portraying the high-lével planform, but not
composed of equal %sampling intervals.

Although width data were recorded from the Irish caves
{Table 2),’resolution of vidthvat thevéhoSep scales on the
plans would have béen inadequate. tﬁe avérage uidth.is shown
on each diagram. The tern "plan® isfloosely applied since

the surveys are "stream bed" plans with no corrections for

slope. The effect is negligible, however, since the highest

87 '
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gradient recorded was 0.031 for Caths (Table 2), which
producés a difterence of only .07m betweeh stream length and
‘horizontal distancé. ‘  4, :

- The ©process qf discretisation averages passage form 1n
! nonuniform manner. This is of- litfle 'sign;ﬁicénce where
curvature 1is relét;vely,lbu, but in Hole-J ‘for exanplé, some -
very- sharp corners exist and these have/been smoothed py the
survey. ’A/ef

Additional wmaterial is marked on the plans where
appropriate. Hole-L and Hole-E have both joint lotation and
or;entation information. The trend of Hole-L is seen to
correspond tovthe major/fracture axis, and the departure of
Hole-E from this course may‘be attributed to the‘presenceqof
more complex fracturing. The straight reaches of Hole-J run
along fracturés; Few joint loca;ions were recorded for the
,irish caves, and an apparent associatidn of sharper meander
apices with intersecting joints was not borne out by mapping
‘of joint locations in the Gardneis' meanders.
| The stream cutoffs in Gardners were all a reéult of
joints ‘capturing the streaa. Although cutoffs forned by
migration and interSeCtiou of meanders may be observed in
caves, they are comparatively rare. Most Cutoffg recorded
were recent-and@nany Were yet uhable ;o carry even moderate
diécharges. This cutoff-forming process is characteristic of
cave meanders, and i; one form-modifying nechanisn likely to
create differences Sétyeén cave and sufface meanders.

The _inlef streams noted were small (discharge nornally'
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less than 11/s), and uniikely to greatly ¢ ‘<. the discharge
of the main stream. Thg bedrock collapse {breakdown) vas
usually a result of the - Streanm undércutting fractured
blocks. This was especially noted in the Hole-E reach, where
intersecting fracture sets further undermine the stability
of the passage walls.

The raw bearings were transformed (as described above)
into curvature and change in curvature series. The
volumrinous nature of these data, along with the individual
- bend characteristics, precluded inclusion in thé ~ text.

However, Appendix A gives details on their availability.

(11) Qistfibutibns

The frequency disfributions of directién, cur?ature and
change ';; curvatdre are ptesented in tables three, four and
five respectiielf. |

The direction data are distributed in a complex, buf
approximately notmai:forﬁu(except for Hole-ﬁ). Bluck (1971)
showed regular Qaveforns t& have bimedally distributed
direction (eg. ﬁa}ns, Shaft, Hole-E),‘but Ferquson (1977)
considered the irreqularity of natural rivers to render -a'
normal distr;bution of direction .more iikely. The exact
shape of the distribution depends on the stage  of
vdevelopneht of meanders, as well as on the nature of
external.cohsfraints acting upon them. Here,  the bimodal
distribution appears to represent the more fully developed

meanders, uﬁere a relatively high anplitude-vavelength ratio

e
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exists. The p+-.x  at  50-54¥9 tor Hole-L might have been
considered a structurally affected element, except that no
fractures were recordei with this bearing. The Hole-L peak
d£ 90-139°, however, does appear to forregpond to a fracture
axis. The fractures do rnot always coincide with the mean
direction fér the passage (t¢5. compare Mains which does
coincide, with Shaft which does' not). This can be
interpreted as a difference betwe<~ the structural axis and
the direction of the pressure gradient (or grdvity.gradient
in vadose condit;ons), and illuystrates the interaction of
hydraulic and structural factors ét different scales.

The "~ curvature distribution for river meanders has been
“.found hérmal fof naturai rivers (Thakdr and Scheidegger
1968) and applied as su¢ch in meander modelling (Langbein and
Leopold 1966; Surkan and Kan 1969). Tests forApofmality at
the’1O%‘lGVél vere unsuccessful in rejecting the ‘normal
distribhtionA for all reaches - except Hole-J. ‘The pre-
rétognition'cf agle-q as a joint controlledA passage ‘makes
this- finding 6f ‘pdgsiblé significance. The presence of a
.normal curvature distribution in a lunar -ill (Thakur énd
Scheidegger:19§8), and the similarity in related statistic&l
properties between erosional coaétlines, afcrenulateg di vide
and riv;r meanders (Ghosh and Scheidegger 1971) suggest that
nornélity as such is of less significénce than the departure
from nﬁfnaiity. |

Chang " and Toebes ¢1970) considered the higher

statisticél moments of the curvature =~ series. Their
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distributions were round to be generally leptokprtic
(peaked), "'with an increase in" kurt »sis with discharge to a
maximum defined by geology; highef/for bedrock 2nd W1sconsin
tllL than tor Illinoiau‘]%ill There was no regularity in
skewness. The present‘ dmstnhbutlons are all leptokurtic
(Table 4) and, except ﬁor ;\ié ~J, all had kurtosis les. tAan
four (a 'not;al dlhtﬁlbutlon has kur;osis of three). The
leptokurtic né%ure of‘thé distributious agrees with Chang
and Toebe;} Holé;L, Hole-E and Hole-J do show an increase in
kurtosis downstreaunm, although discharge does not increase
markedl}. Sh&ft and Haips have a wmajor, discrete inlet
between them, and do not exhibit this propergy. The flndlng
Of increasing kurtosis with discharge by Chang and Toebes is
. : o
probably largely a result of increasing meander, scale
tdecreasing curvature) ,. while the Saspling interval remained
constant. This would 11n1t curvétute to a smaller range,
thereby increasing . the ge;eral peakedness orf the
distribution. The bedrock mReanders with the high kurtosis
might be a reflection of larger meanders. The high kurtosis
of Hole-J, 'hovever, is g¢onsidered to represent fracture
control of the passace fora. ‘Hhere a Ppassage follows a
fracture, there ;ill be only relatively small chanées in
direction. This relatifely invariant population will be
supplemented by ma jor changes in direction where either an
>rthogonal fracture set assumes control, or the stream

reverts to the maximum gravitational gradient, which might

be dlscordant wltb t he structural axis.
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Cauti1on must be exercised in interpretation of kurtosis
as Baker (1Y90d) pointed out. The moment is not necessarily a

>

simple meacure of peakedness in either an absolute sense ‘or
relative to a normai distribution .

The skewness (Table 4) could not be readily
interpreted, and a " running calculation of skewness fros
Hole-L gave results varying fron 4.4 tc 5.1. Skewness 1s
probably a very form-sensitive parameter, but* rempains
uninterpretable in the present situation.

The. distribution of <change in curvature has not been
studied previously. The kurtoses of these distributions were
calculated.(Table 5) , and some passages (eg. Mains, Hole-J)
have high values, a result of wide tails and narrow peaks,
This means a refhtively constant ' change in curvature
(perhaps constant curvature with measurement error), with
occasional larger changes (maybe structual control). The
passage plans ‘indicate - little apparent similarity between
these two reaches, e;cept the possibility of two discrete
scales of meandering. The very broad distribution of change
in curva£ure redgfiéd for® Polld may be a result of inherent
ir- =gularity of form (Fig 19), or use of 'foo great a

sampling interval.



(L11) 51nuosity

fho S10U0S1ty "0’ the reaches 1S vari .le {iable o),
Tailylng  ftrom  wvirtually straight (¢gy. <1alla) to somewhat
tortuous channel. (eg. Hole-iI). Thnere 1s no relation to
gradient (Table 2). AD assoclation was observ. hovever,

with passage helght. This implies $1nuosity is somewvha* *ime
dependent, and that the meanders qradually 1ncreass 1n
derinition as the passa, downcuts. Hole-L has increased 1ts
bend. size and sinuosity compared to 1its pr;decessor Hole-H
tor Hole-N) despite the major cutorf in +he upper reaches ot
Hole-L. The caves with very low sinuosity (Culla, Caths,
Polld) 'might be considered immature meanders, whose form is
still actively evclving.

Individual bends, defined as half vavelengths, aliowved
calculation of the average sinuosity from all the bends in a
Jiven reach. The channel length is the same for each method
of’calcuiation, and it 1is the line defining "valley length"®
which wvaries. 1In the overall sinuosity this is a straigat
line, while the individual bends constrain-this line to the
meander axis. Thus, the degree of disparity between the two
values 1s an indication of the extent to which the series
departs from a simple, well-aligned series of meanders.
Culla, Caths and Polld show little difference between the
tvo measures (Pig 20a), perhaps because they are relatively
young and are not yet independent from their linear,
initiating <ctructures. Hole-E 15 a major departure and this

can be observed in the planfora (Fig. 12). This difference



Afpeai -u:.ml;: o dd ta rep ot Yozij e, Bpunel, lagp e
wiveotonm, b She 1 iTe T le.‘)li?lb‘ﬁl 1 thaie reach ®aike
ctiuctural con Lol AOL Pidusitles T I ':)«I_'hqu,.nl VIOovVe
thlo section was ¢oand co e complex ) in 0 fore k;;‘(Irl wne Ot
the .o anterecting tie ures,

Thne licpersien ot /111¢'?‘r 1on ald Curvatuiy series ate
Caearly O some tormes) ;_‘nxt x.(‘,an(‘t‘v (HSpearght W 196452, Ldn_t; htf.l if

sl Leovold 149b6, Ghosh oand Scherdegger 14971, Perguson 14975)
12l valaance  pas been related ta s%1eam S10U0S1ty (Thakul
and  Scherde jger 197, Ferguson 1977).. Varilance vas

calculated as 1 linear statistical moment from the lirection

—

se:le? st*andardised to 2z« O aean. The Qoap Vchbr strength
. . L
(R) 1s the circular second iojont and 1t was compared . to tie’
varirance, 1*s linear Eounterpart {P1 i;b);\ A 1reiation$hip.L
ciearlly exxst5,>.althouqh .not‘ ail‘poinfsfconfofn“to this. .
Ferqﬁéon (1977) showed that sinéosity .could’ bg“iéaléuiated
t-om fhe-va:iépce of nornall( Siét;lbuted dlréétlon series.
The preéént iistributions are loie'og-fessjﬂérlalv(Tablé 3),
and the sinuosity values calculated from <he dlreééidn
variances accorded tgifly<veli vith thgsé;actually recorded -
(P19 21). In his <calculations Perguson '(1977) éctuéliy
proved sinuosity tc be inversely related <“o the vector

strength, although he d1d no+¢ recogn;ée this associatidn,

valch 1s ‘far more precise than his own approximation (Pig.

21, 22). The amount of error in Perguson's method appea:s‘tu
be related to the departure of the distribution froa

nbriality. (Table 3). This imflies that the variance of the



95

direction series contains some  error which the  vector

strength does not. The magnitude of this effect appears to
be related to the 1inability of linear variance to
differentiate positive +nd negative values, and also

reflects dirferences in the distribution of the data.
The minimum variance principle (Langbein and Leopold
1906} show=2d that variance of curvature was & minimum for a

sine-gen: ~ated curve. Ferguson {1977) claimed that the

Al

direction vari&&se of a sine-generatéd curve was lower than
for natural rivers of the same sinuosity. This can only be a
reSult cf information loss, for example by ‘discretisation,
because sinhuosity is a direct fu1ction‘of the dispersion of
direction. |
The calculation of vector strength, R,'is also possible
for curvature, and change _in curvature data, which are
supplementary to directional information. The recipnécal of
R will then yield a second and third order sinuosity; S' and
S" repectively (Table 7). By taking the sum of sinuosities
and the percentage of each component of the whole, a
triaxial plot may be ’a;éwn which may classify: meander
patterns (Fig 23a). The general  trend of tﬁe plot‘shovs
higher sinuosity to be associated with lower curvature and
~-h. gqe 1mn curvature sinuoéity. This 1is a éloshre problem
ceis<d by constraining the total -o 100%, and it reduces the
1+ of the diagram, because direction siﬁuosity is the
"dominant component. The dotted line shows the poipts-to have

an approximately equal ratio of curvature sinuosity to

LStk
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change 1in curvature sinuosity. Shaft and Hole-J have an
éxactly similar ratio, although their absolute sinuosities
are different. Caths and especially Polld lie well off this
line.

~Figure 23b clarifies this relationship by plstting st
against S" and contouring ‘the assbciated direction
sinuosity. Polld, shaft and Culla fall well away from the
cluster‘bf Eointst and this could tepresent some unspecified
external control;vThe‘diagram also suggests tha; there is a
specific curvature and change in 7curvatune sinuosity
associated with maximum direction‘sinuosity;

Ghosh and Scheidégger (1971) recognised the ambiguity
of sinuosity and proposed thé‘"degree of wiggliness" as a
supplementary stafistic based on CurQafure. Criticisnm
‘levelled a£ the inadequacy of ‘' either sinuosity (eg. Hey
1976) or wiggliness .(Ferguson 1977) in isolation is
’inappropriate. Channels of 1low sinuosity (<1.6) can only
have 'low viggliness; whereas higher sinuositj can be
accompanied by high or low wiggliness (Ghosh?and Scheidegger
1971) . Figure 24 shows the relation of . wiggliness to
sinuosity and is a furthér‘atfeﬁpt to classify planform. A
rough division of thé plqt produces three'grbups:‘ﬁole-E;
Mains and Shaft; and Hole-L and Hole-H. The' curvature is
relatively sensitive to measurement error (Ferguson 1971),

and therefore the approximate nature of the figure .must be

recognised.
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(i) ﬁgggggzg control

Study of the relation of the passage to f;actures was
" noted in the precedihg chapters to be a difficult problen.
An inconclusive visual cogpariéon vas méde in the absence of
any' viable 'statistical test (Table 3). It was noted above
that irrec 1aritieé in direction distributions were not
always associated with"strﬁctural elements. The initiating
fractures are overtly impcrtant oniy vhen they have complex
ﬁattern (eg. Hole-E), or the passage‘is relatively immature.
The developmént of éutoffs throuéh fractures ;s"an important
structural éffect, but the only clear example ofifhis in a
developed state (Fig.. 14, Hb;e-N and Hole-L) shows the
present stream passage to be oscrtlating once more.
Fractures, therefore, appear to only direct trend- in
passages, unless their control is particularly strong (Hole-
J, for example).

The division of +the bearing, curvature and change in
curvature series from'Hole—L apd Hole-E into elements with
joints present and those without (thereforé'theoreticaily
free) proved a~;%mewhat arbit:ary procedure (Table 7). This’
wés largely due to the inprecision;of joint.locations, and
the necessity of assigning neighbouring eléments to' one
joint, " if it occurred between them. The two sample KS test
did not suceed in differentiating the two samples. Although
the test is able to cdmpare Samples'of different sizes,
where the two samples -varied widely the utést was '’ cléarly'

\

biased, and thereforé unsuitable.
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The s}ewness and kurtosis of the”samples were

inspected, however (Table 8) . Skewness was always éonsistent

in sign for the two samples, although the Values differed-

someuhat, In curvature (dB) and change in’curvature (ddasB)

the skewnéss vas always lowér for the free sampleé. Kurtosis

varied widely, but was fairly consis#ent between the two

" samples. These déta vere consideredvhnimportant at the low
level of resolution. ‘
. {

All reaches, except Culla, were accepted as freely

meandering under Ongley's (1968) crite:ion, that the

distribution of freguency of occurence of each . number of

recorded bearings” in each degree interval (0-1809)
approximated a Poisson distribution (Table 9). & b
Culla 1is relatively inauspicious in itsimeandering, LS

not considered to be manifestly structurally controlled. The
low sinuosity of the reach rendefed it unsuitable 'for this
test. The method was modified +to iimit the range across
which the test was made to that of the sample, in which
case, no reéches vere designated structurally influenced.

An assumption oﬁ thé test is that any fraéture would
precisely constrain the‘passage. This‘ig known not to vbe
true, and therefore, thé distrigution was tested uithﬁfi;e

-

degree intervals (Table 11). The results are ‘very different.
There are”many,distributioﬁs of bear&ngs on ihe circle which
may aéproximate a Poisson distribution yet 'stiil ~exhibit
structural control, . and vice ‘yersa. There is no

justification of the Poisson distribution. in terms  of the
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freely meandering form.

The possible relation between width and passage

direction was not examined because pilot plots .showed

irreconcilable scatter. Also, the bearings are not a

quantity compat ble with width in the regression model.

(v) Meander Properties N

(a) Series
The relation of radius of curvature to width was found

to vary from a minimum of two to a maximum of infinity. No

regularity was' observed in the relationship. This may

reflect either insensitivity of discretisation to this

property, or its absence from the cave meanders. Previous

-work has nmnever calculated this for a series, chosing well-

formed meanders individually. /

The increasing dispersion of curvature as direction
parted from the mean (Surkan and' Kan 1969) was found not to
occur, rather the opposite. Correction for the largég numbér

of samples <close to the mean direction by taking the

coefficient of variation did not .achieve any improvement.

Ferguson (1976) claimed thap this property was absent from’

the rivers he studied, but nevertheless, claimed

...that curvature changes in proportion to the

local deviation. of the channel from the
downslope direction..., and in such a way as to
- turn the channel back towards -that

direction... (p 340)

" which appears to amount to the same thing.

B
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{b) Individual Bends A,

| The average of the indi&idual bend properties, together
with standard deviation and coefficient of variation
(standard deviation over mean) are givemn in Table 12. The
parameters themselves are clea;;y not independent; for
example sinuosity is fully detérmi;ed by arclength and bend
spacing. ﬁole—N probably has the greatest inherent error,
and is the most consiétenfly variable. Mains is consistently
less variable than average except for orientation. Stand&rd

deviation of widtﬁ and curvature show highest variablility.
The "~ bend spacing is fairly‘consiétent; Shaft and Mains
show a downstreanm incréase, the adjoining’Gardner;s reaches
do not, althodgh there is' relatively little increase in
Wdischargevin"the latterﬁcase. Hole-E shows bgreat variation

in ofientation in response to its overéll change in trend.
Polld, increasingly reccgnised as somewhat abertant,
.shows»high, consistent width for éach-bend,‘aésociated with
the tightest, ‘most irrégular meanders. Width ~decreases
substantially from Shaft to Mains despite. an .lncrease ip
discharge, although bendspacing and‘arclength do increésé.
There is an apparent increaée fn meander size along SQaft
(Fig 16), and © the gpber half of‘ thevreach has average
/bendspécing/of 4.3m, while the lowver half haé an average of
6.0m, a value  very similar to uains.v A fb;sil passage
'(Gunman's Cave) enters Sﬂaft in tﬁe a;ea of transition, and
it is pdssible that the presept meanders are inherited-from

an éarlier'cyclé vhen Gunman's Cave carried more water,  and
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the lower section of Shaft experiencéd a similar discharge
to Mains. The width alonglsﬁaft is fairly constant and this
-would suggest that width hés adjusted to the ‘presentv
erosional regime. This, and the lower width of Mains, show
width . to be indépepdént of discharge. The great width‘;nd
small meanders of Polld supportwihis observation. 'Although

width measurements were! not made in Gardners, Hole-Jd was

somewhat narrower, but no substantive statements can be

méde.

Table 13 gives the average bendvproperfies of right and
left bends. There .are no regional consisteqcies, although
vorientation is always greater. for right“handﬁbends, a result
of the bend definitioﬁ procedure. In some cases it is aﬁ?feu
rather large bends which create the overall differences,
Suggesting it is 1§cal rather than régibnal effects which
are important. The dqninant éurvafure of left hand behds for
Hoie—E is a result of the oﬁerall'leftva:d trend in thig
reach. Polld and Hole-J show littié difference beﬁuéen right
and left bend cur#ature; yet have largé' diffe;ences in
- standard deviation of CUfV&thé.lThiS.COuld mean that the
(shbrfer) 1eft bénd§ have a sharper apex, uhicb»qight occur
where the ‘erientafipn of the hydraulic gradient'is ogiigue
to the structural gradient. |

The mWajor consistency is in width, although this .vas

~ly measured frém the Irish céﬁes. Right bends have lower

zn vi@ths'and higher'standard deviations. This might occur

““2 c*tarac »ristic bends consisted of wide ‘parallel
4 .
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walled lert hand *bends and a narrowing down to a ‘minimum
'width in the right hand bends. This seews @more élausible
than a narrow; irregulap, right hand bend.

fhe erosion of cave walls is probablf related to
boundary layer turbulence. If the Opéosition of the coriolis
effect to left hand flows generated increased’ turbulence,
then greater ercsion may take place. However, an enhanced
flow, such as would occur in the right hand. bend would seen
intuitively to. incréase erosion. Alternatively, the Irish
caves all flow in a similarlmean direction (within --a 509
range). If theb bedrock structure. were in some way
anisotropic perpéndicular to the mean direction (ie. along
;he étrike), this may cause prefe:ential erosion on the
léfthand turﬁg. |

nigor inlets . were' infrequent and discrete, the
limestone has low primary porosity and is massively bedded,
théfefore a.greferential capture of a water tablé by one
bend -fype; leading to mixture cprrosioh (Bdgiiﬂ1971) is
extremely unlikely. *

The autocorfelation coefficients for the individual
bend rdata are shown in Tébles_14a.and b. HOleTL and Haigs
show the éérongest first' lag correlation through all
parameters. ‘This implies ‘some 'form of short-term %emdry
exist;ﬁg for two bends  or one whole wavelength. The
orientation vélqes commonly shov .a progressive aecrease in
¢drrelatioh~f9r_several lags (eg. Mains, Shaft, Hole-J).

-

This memofy effect . Bay be reL&ted to large scale
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periodicities, but more likely reflects the localisation of
structural controls.

Difference between right and left bends is confirmed 1f
first 1lag anticbrreiatioﬁ occurs (eg., Culla: orient, Hole-N:
meandb). However, if right-left contrast has beén §bserved
and first lég correlation occurs, then a false aVeraging’ of
right-left properties has been made (ég. Hole-E:meandb) .

A downstream trend in widih..is suggested by the
autocorrelation values, which shou a strong vmgmory {eg.
Mains,‘dCulla) and intimations of periodicity (Fig 25).)Only
Céths shows the strongly periodic autocorrelation uhibh
suggests the right—le%t contrast is vaiid Jr the uholé
series. A regressiéh of corder against raw width data showed
Mains and Culla to G-ave highly significant dovwnstrean
decrease ihyvidtb (r2=.19 and .u8 respedtively). Polld and
Caths showed a significant downstream increase in vidth (r?i

.064 and .11 respectively). The downstream decrease in Culla

vas caused largely by the U-shaped passage cross section,

4

and a marked fall in stage during the survey period.

However, subsequent 'remeasurement showed - a genuine

¢

downstream decrease iﬁ width. A test autocorrelation on the

-

width data showed a strong suggestion of periodicity,
supporting the association between width and bends.

The. autocorrelation of sinuosity for Mains indicates a

downstream trend , while Caths shows rapid extinction. Hole-

N. shows strong altérnations in mean curvature, which might

- ~— . . .
have stemmed from the closure onto ‘Hole-L, which on average

'
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necessitated increasing left hand curvatures, except that

the left hand bends have lewer average curvature.

Intuitively, stand;rd_ deviation of curvature is relatively

independent of arclength and sinuosity, and thgir joint

periodicity in Hoié-N shows some consistency of forn,

peridic about four bends)or two wavelengths.' Hole-J shows
‘

rapid -loss of memory after two lags. This may represent the

\ _ ‘
minor oscillation of the passage along straight reaches,

‘interspersed with occasional major perterbaéioﬁs. The more
typical autocorrelation, however, is some slight short-term
. memory, with subseqdent insignif?cant oscillations about
zero. |

Similar form. in autocorrelation betuéen variab}es
suggests that they are correlated, and this was ;ested by

N

constructing correlation matrice; (Tabﬁi 15). The individual
bend parametérs are not ;ﬁaependent ofJone another, such as
the -relation of mean curvature and standard deviation
curvatugef‘although mean and standard devia.ion 'uidth' are
indepéndenﬁ. Arclength and bendspacing are Cf;:elated‘as/is
exgected. Sinuosity is strongly dependent only on atclenqth.
because arclength increases’ faster * than bendspacing at
higher sinuosities. . ‘ Y |

Mean bend curvatqre. is related to fhe'arclength-and
bendspacing in the 1Irish  caves, and to bendspacing . and
"...uosity ' in the Gardners' reaches. This suggests’cufyaturé
variation with meander size. For larger meanders, the mean

<

curvature is 1lower, and the greater the difference between
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arclength and wavelength (greater sinuosity), fhe greater
the curvature. This accounts for the standard deviation of
curvature lteing related to sinuosity, but less to the
arclength and not at all to bendspacing. The relation of
sinuoéity to orleptation in the Irish data '1s intriguing,
because orientation is not a quantity whose effect 1is
hecessarily contingent on ité mégnitude._ Orientation was
found to be important only because a few extreme values wWere
creating the significant .correlations. Héuever, there
remains the poésibility of anisotropic erosional regime 1in
the caves. . - -J |

There was only a weak relation of width to bendspacing
and arclength, and ‘in no individual feaches‘ vere these
significant. The @mean width was correlated with mean gnd

4 .

>standard deviaticn .curvature, a relatibn which proved
importent - only for Shaft, <cCulla and Pélld on‘ closer
inspection. This result supports the pgssibility’ of the
ratio of radius of curvature. to width being a constant. A

calculation' of radius of curvature over mean width for the

Vindividual, bends (Table 16) showed Polld and Shaft to be

closest to the alluvial ratio of 2-3., These ‘reaches have
been [sing}éd out éreviously as demonstrative anomalies in
Certain aspects of their width énd reander wavelength. Mains
shows great variablility in the ratio for its right hand
bends;‘ ( |

The standard 'devigtions‘ of_‘uidgh and curvature were

correlated for the same reaches, which probably indicates
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common irregularity of “hese data. The inverse correlaﬁlon
of width with bendspacing stemmed from <Culla, and the
rejation to sinuosity frdn Mains, Culla ahd Polld. The
relation between width and bend orientation in Mains, Shaft
and Caths may represent bedrock control. The limited extent
of thlese relations suggests that local controls are
impor+ant.

The correlations found amongst - individual bend
properties were generally predictable. However, the curious
width relations, ana scme of the rform iﬁplications vere
somewhat unexpected.

The frequency distributions of bend characteristics
shoved no reqularity (Table 17-21). The dist£ibutipn of
width was the most apparently 'normal'.“ This means that
variability is ©pot uniformly distributed about some ideal
bend, and therefore considerations of average series

properties should be treated with caution.

(vi) Meander Evolution

The development pf Hole-N to Hole-L (Fig 14) has been
associated Qith a- marked increase in overall sinuosity and
chgnnel leng+h, despite the major cuyoff in t*. upper
reaches. This channel loss has reduced the overall increase
in. siguosity (Téble 6) to 6%, compared to 10% for the
individual bend,sinuositj..This proied fo be a response to
inc{eaSing bend arcléngth; (7% increase), becausé bend

spacing decréased by ?hly 2% over the -same period. Bend
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spacing 1s coustrained, however, hecause an l1iucrease would
necessitate either extincticn of a full wavelength and
eiongation along. the channel, or ¢lse a marked 1ucrease
the Conplexfty of bend orientation. The latter has not
occurred (Table 12), but there has been the loss ot halft a
meander cycle (37 compared to 38 bends). This prov1d95 a
justi .ation for the urfe of linear wavelength, rather than
arclength in the classification of meanders.

-

The mean curvature of bends has increased, but 1s
arfected by changes 1n sampling 1nterval attendant on the
" closure of Hole-H onto Hole-L. The average orientation of
indiﬁidual bends has veered slightly left, compassing the
mean direction. This suggest a possible leftwards migration.

Pigqure 14 allows a gqualitative nigratién model to be
developed. It is chafacterised by downstream propogation of
bends, and, as suggested by mean bend properties (arclength
and mean curvature), the 1increase in sipuosity ié caused
partially by inc.easing internal coaplexity, and an increase
in meander belt width. '

The autocorrelation statistics show the sequence of
individual bends to lose periodicity during evolution (Table
14b, eg. sinuosity, arclength and orientation). There has
been amn increase in short term memory (one lag), hoyever,
suggesting that changes are not uniforamly distributed over
the reach, but localised im a non-periodic -anner.' The
‘memory of arientation is markedly more periodic for Hole-N,

and this may reflect a “~gradval weaning from structural
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J

dntortunateiy, the cirudity ot bend dvfxﬂit)d“wdﬁd ¢t he
complexaty ot Fropogation precluded detinition’ ot
K o
evolutionary axes (Hickin 1974).

fhe 100 point, running sample from Hole-1. and Hole-7
showed some fluctudtions about the mean and vector strength
(Fiqure 20) . Hcie-E rfroduced a marked trend 11n m@ean
direction once 1t became 1ncluded 1n tﬁe running sample,
This justities 1ts severance (rom t+the "Hole-l series. A
decreasing vector strength over the first few lags shows ah
increase 1n downstream slinuosity, perhaps cauSed by the
major cutoff in the early stages (Figuré 14) .

Line&r trend 1n the bend characteristics was testéd fog
by regresé&on. The trends were all 1nsignificant (except fof ;
Culla:mean vidth). The linear regressions on coyplete ‘data
series, testing for trend only, identified significant
trends in the widths as noted above. Thus the bearings may

v

be Jeemed 'weakly self-stationary'. More sophisticated tests

of stationarity are described Ltelow.

(viii) Markov Properties

Tables 22, 23 apd 24 summarise the transition matrices
and its derivatives. There is a gradual loss of the order of
the Markov process through +the transforsations. This is ¢

related to meander arclength, which, given constant sampling

-
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interval, affécts the extent of runs of sign. Although Shaft
has low average bendspacing, it is the la;ger meanders noted
previously which may be producing a strong @emory. This
shows the danger of the averaging of series properties in
such a form as the‘ transition matrix. The test for
statiodarity did not indicate this change in forﬁ; however.

The strength of the Markov property is significant for
all Deviation Frém Mean series, but Polld is not signif-
icantly Markovian in curvature, again probably a result of
its short bend spacing. Only Mains and Hole-L retain the.
Markov property into change in curvature. These two series
also have the 1lowest coefficients of variation for mean
curvature of individual bends. Atclength 1s not the mést
significant factor at this level of transformation.

The test for stationarity w;s accepted at a higher
significance level than the other‘fests, because thé series;
-were diwided intc *~ three pargs which were not truncated to
full cycles. In shorter series, this could create a
significant, but spurious rejection.,TaSle 22 shows Hains,
Caths and Polld as non-statidnary, but only the ,formef is
probably of sufficient length tb rendér the test effectiie.
Hole—L and Hole-H are both nonstationary‘.in curvature.
Perhaps the slightly higher Chi2 value for Hole-L is a.
reflection of the cutoff in its ‘upper segment. Kains and
Hole-& are non—stationary in chahge in curvature. Agdin,
Hole-J is a fairly short éeries and possibly misleading. The

non-stationarity of Mains is manifest only in deviation from



mean and change in curvature series, perhaps implying some
alternating dependence in transformation.

The symmefry test did not succeed - in illustrdting
subtle asymmetry. This is partly because ‘of‘ the numerical
structure of the test. Caths, Eolld,agd Mains respectively
appeared to be ;markedly more asymmetfical in the th;ee
transformations;

The 1limiting vector (cne of the’identical rows of the
limiting matrix) is never in opposition fo the symmefry
vector 1in its imbalance, yet neither is it a direct
transform. The limiting vector shows the proportion of ' the
series in the paiticular states, in corntrast to tﬁe symmetry
&ector which 1is° concerned with conservative transitions.
Hole-L shows a syhmetrical vector with an aéyhnetrical
limiting . vector in Table 22; -Thi§v implies very short .
fluctuations from the positive to negative étate. The same
table shows Hole-E and Hole-J with different limiting
vectors and identical éymmetry vectorse. |

Table 25 compares the transition  and Jtradgftion
proportion matrices across the_transforma{ions. The increase
'is expressed as.number éainéd and proportion gained cﬁarked
X) . The transition ma£tix allcws referencéufo\the numbe; of
transitions gained (or 'lost), while the proportion matfix
provides a comparative rgference. Th éorrelation diaéonal
- and Xinticé’rrelation diagonal of the. proportion matrix show

" equal gain and loss, because between them they make up the

unit value of the complete matrix. The transition fronm



deviation from mean direction to curvature would involve no
change in the matrix of a perfectly aligned series of
meanders.:The departure from this ideal form is a. result of
bends {runs df sign of curvature) océurring without
compassing the mean direction. The aiteration from curvature
to change in -curvature -will involve a doubling in the
anticorrelation diagonal in a wave with ‘maximum curvature at
'apices and minimum at inflectioh points (such és_thL sine or

sine-generated curve) . The anticorrelation diagonal,

therefore, indicates the number of cycles over the series,

wvhile the correlation . diaﬁgnal the relative length
' T w7y . .
(conservatism) of bend:-. The latter <can be readily split
N .

iqto right and left bend components.

The reéults show fhe Irish data to be uniformly better
aligned than the Gardners rééches, because there 1is a
smaller inérease_ in the anticorrela£ion ..diagonal. The
‘ ¢isalignment is manifest in the 'form‘_of. Ho.=2-E, and
especially Hole-J (Figs. 12 and 13), but in Hole-L ané Hole-
H it is ‘suggested that minor fluctuations in,curvatﬁre
supefimposeﬁ on large bends have caused fhis misélignmenﬁ.
The corrélatiqn diagonai shows the avérage relétivé lgngth
of bends defined in the two transformations..nains and Caths
have actually increased averégevbend length in indiiidual
cellé, a result of compassing mean direcfion'withOut an
aséociated change in curvature. Bole~J shows a major loss in
lengih because it has long ;ﬁné away frdm the'mean of bends

with low amplitude and curvature. Polld sho-= a great loss

[



also, perhaps an effect of its very small bends, although
the loss of the Markcv property in curvature,eliminaﬁes this
" reach.

The relative size "'of positive (++) and negative (--)
elements in the correlation diagonal is of little form
significance. It shows the bends which ‘'have lost most
length, which may be a reflection on arclength orv curvature
relative to sampling interval.

The second change iﬂ transitions can only be applied to
Mains and Hole-L which retain the'Markov_property in change
‘in curvature. These reaches are the closest to the eipected
chénge'in anticorrelatibn values of two and also exhibit .the
réreatest shortening, presumale'hecause enough memory (run
length)'persisted gfte; transformation.

The Markov properties provide some useful insight into
form behaviour, but classificatid; into positive and
negative states entails é'substantial loss ”of‘,quantitative
inf;rmation. - However, no grounds are available for décid;ng

how.changés»might further be classified, for example into°

great and small.

{ix) Spectral Analysis

Spectra were calculated at 15% ratio of maximum lag
over length of series. The resulting peaks 'on' the spectra
are summarised - in terms of the bend wavelength (2x

bendspacing) and arclength frequency distributions (Tablés

19 and. 20). It is clear . that there is 1little useful
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'similarity betueeu‘the two sets or results.

More suitable use of spectra was made 1in testing for
‘stationarity in Hole—L by splitting it into two halves. An
F-test was made on pairs of spectral estimates from the two
series. The degrees Of freedon for euch a tesg'are given by
record length over maximum lag, mu}{iplied by a constant
contingent on the filter .employed - in the analysis. The
program BMDO%t embloys a Hamming filter,- the constant for
which is 2.516 (R. Baldwin pers. comm.).

There is less éeriodicity in Hcle-L(1) the upstrean
segment (Fig 27),vuhich may result fron “the Cutoff. Four
estimates were found to be significantly different at .05.
Hc;e;H and Hole-L were ‘alsc compared (Fig 28),‘ but no
significant differences were established. Hole-H’ shoued
greater discrete periodicity (peakiness) in the spectruu,
again possihly a reflection of the»cutoff.

- The higher  quuist\,frequencyvv(3m wavelength, the
Dinimunm resolyedL for Hole-H reflects the greater error . in
surveying. The difference ;befween Hcle—L(1) and. (2) .may
refiecf'the lower average curvature for this upper reach.
This would produce a more significant‘reading error as a
proportion of the series. The ~Spectrum is certainiy ‘more .
heavily biased towards the higher frequencies for the upper

.reach.
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(x) Scallops - -

The " results of calculations based on scallop
measurements are presénted in Table ‘26. The'cal&ulated
velocities are not unréasonable values. Culla did abpear

somewhat low, possibly indicating lithological control of

scallop length. Highly “anomalousf/%callops (or"flUtes) of

4 over 80cm length were noted in <cCulla, especially at a
transition in rock type. Although curl (1974) rejected
cheﬁ;cal control ofascallop length (ie. the'Schmidt number),

~he accepted ‘that rock texture could wélliaccount for some
variation in size, as wasvsuggested by Goodchild and Ford
(1971). Allen (1971) emphésised the importance of "defect"
mark;ngé, which develop from irregularities 1in substrate
texture. AThe “passive" markings,. he considered,fai more
unusual, but succeeded in forming,-them in a flume when
sufficieﬁt flow length'and timé uas'allowed.

The veloéifyl values do increase’ above the strean,
Suggeéting that higher flows are activelii!ﬁeveloping these
scallops. Culla “shows relatively liftle' increase in
velocity, but the marked increaSé in width above the present
channel implies contemporary erosion at this level. Any
chéﬁée in hydrologxﬁ tesponsible for this ~would alnbst
certainly héve been reéorded- as a contrast in scallop
length. F;dtsam wa; néted in the roof 6f Culla, which

-vsuggests_that higher flows may cause a marked backiné—ﬁp 'of

water, and ‘this would lower velocity at high flows. Caths

shows‘an increase .in velocity with height'above the strean,

{



but exhibits parallel walls. , , ‘ '
- The . tentative calculations of flow d;;::x thfough

reversal of the Manning equation were dall substantially.

lower than the level-at'which,the scallops were recorded.
This could be readily interpfeted'as conf;rmétion of fossil
'scallops, but the flow depths age completely unrealistic.
The di§§harge figures conform with low f10v4ddta determined
from iﬁciﬁéntal ‘flow data from Smith et al (in Tratmdp
1969), except for Shaft where quite high flows are
implicated; The' calculated values‘fali in a low flow range.
‘The ~calculated depth figures indicate that much is
amiss in the Frocedure. Curl (1973, pers. comm.)
demonstrated misgivings conqérning the Manning equation by
showing that over equilibrium'écallops (steady. flov), n was
, highly> flow dependent. The relationship of roughhess
élemenfs to Reynoldé numbe:‘results in very high roughness
at lower flows, falling off rapidly as Reynolds numSer
inéreases. Where non-steady flow occurs, there is no

~indication of what an acceptable value for n might be.

Calculations from Chow (1959) gave an n of .03 to .06. A

calculation of flow ‘depthg independent of the nanning'

'equgtion, showed very/similar results (Parkéf,' 1977 pers.
comm.), indicating that the value of .025 selected was

reasonable, : _ .
S . . 1 ) . . i N

- Other possible sources of error are with slope and

wvidth, assuming the flow velocities calculated from the

scallops to be reasonable. _Slobe is always belbi _the

C/‘
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regiohal dip down whiéb the caves flow, wvhich is consistent
"with lower downstream rates of erosion. The width méyv be an -
incorrect parameter, if th.e scal Lop-forming depth.ié low and‘
the bed creates substantial flow resiétanée; |

-
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USSION

The immediate implications of the results have been

covered in the preceding chapter, and consideration is given

heré to problems stemming from t ‘2 results. It has been
difficult to place the result - -he context of earlier
Work, partiy because the - metwLdo. Ty was developed

spec%fically to avoid past errqrs; Tu —= .5 also very little
iﬁfofﬁatiqn available on cave meanders.

Wévelength-ﬁidth ‘Telationships of tu.i-. and earlier
work are suﬁmarised in Figure 29 and Table' 1. The only
resuit readily" cohparable gith the present data‘inlﬁhis'
'relatiogship is fronm —gigh (1970) for culla. This is
épproximately .half the preéent finding, altbough the'survey’
methods vere similar. He explicitly chose a reach in which
"...the published sdrvey...shouéd ﬂo'méahders presént...k
and only COveréd three meanders. The present data show six‘
bends with uavelengﬂﬁfof six or less metresiind thé,vidths
ére fairly similar. The presént.results lie midway betweeh
~ High, .and Deike and Whife's (1969) determinétion from the

published sur#ey. Some individual bends showed wavelengths

at Deike and White's higher value, which implies that the

117



wavelengths onvthe survey are accurate, but only above some
minimum resolution, while High lost the larger wavelengths,
vbecause of the short reach surveyed. It 1is quite prebable‘
that other s%udies drawing on published surveys have also
ﬁiltered meander bends 1in a .similar way, often  to
.deliberately avoid "anomalous"™ bends.

The problen *of using survys -is well illustrated by
belke and White with a width of 2 Tm for Culla (cf. 70cn),
"although .one reach ~of Polld ublch they surveyed does appear
to conform to the present finding, where Polld lies close to
thelr line, K
The renainigg four reaches, \iie veil away .from any
previous work and show an inverse relationship of wavelengtﬁ/
to width, significant = at .05. Yalin's (1972) hypothekis
. clearly canot be dominant in theseijstreans. Hoyever, ‘no
explanations are knewn, which ean account for these results.
Width also showed no relati‘ond to discharge, downstreanm
‘decrease, and‘properties apparently cohtingentnon the' sense
of a beeds; ‘These findings must be explained in terms of
' palaeohydrolOQY. and contenaperary, erosional regime.

The significance of palaeohydrology was 1llustrated by
_Shaft ' where meander bendspac1ng changes, apparently in
‘response'fo Gunman's Cave, now abandoned and hanging 3.5
metres: above the present stream. The lower part of Shaft
apﬁears to have maintained the—‘form of these ancient

meénders, but width has adjusted to_high values thtoughout.A”

Water now entering at the First Weterfall used to flow the



length or Shaft (Fig 30a), while Gunman's 6riginal water has
been diyérted elsewhere. The Shaft meanders have not
migrated significantly compared to Maihs. » .
These sections of cave have»iitnessed majorlchanges in
flow regime, but bresent-day hyd;ochenistry mat also have
inflpenced passage fofm (fﬁq 30b) . Shaft has water Chemistry
chéracte;istic of si;u percolation at baseflou{ and vefy
little erosion can be taking place compared to Mains where
aggressive water is encountered. In high flow the dilution
of Shaft suggests a swallet source, when Qighly aggressive
water fldus,alsng the passage. This agrees with the séallop
evidence, fhat ‘high flow velocit;es (and possibly
discha;ges) are those effective in eroding this section of
cave, | d
. The - yidfh of the present,.caves répreéents an
equilibrium between latera; and vertical .erosion, because
there is no efféctivé iateral depositional mechanisam, except
ultimétely passage cdllapse. Solutional erosion depends upon
the ratio of solvent viscosity and the diffusivity of the
SOlufe in the particular olvent; giving, as a ratio, the.
Schmidt  number. The concénfration gradient is aiso
iﬁportant. tIn cave ‘streams, tHéﬁ rapidity ;vith which
un§aturatea water can be ihtroduced to the limestone,‘and
saturated water renbved, effect5werqsional behaviour, and is
édntingent'on turbulence, which is a. function of streanm
v’vglocity‘ anﬁ roughness (Allen~1971).,Soiutiqnvis a finite
process and ceasés at satufation, but corrasional. pr0cesses

<]
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are not so limited, provided sediment can be moved.

In most cave streams, sediment occupies par+s of the
floor. In”Gardnere Gut, the material was largely sand sized,
but shale cobbles were mcre characteristic in Ireland. Sand,
as the more mobile ageet, probably accounts for a large part
of the efosional processes 1n Gardners Gut, although
solutional weakening of.in Situ lidestone particles may well
be important. The prominence of the weak, residual beds;
does imbly solutional'veakening.’Hovever, vthe cobbles are
far less ﬁobile, although the Ledrock beneath them was found «
to support somewhat subdued scallops, which suggests that
the material is either tramsitory, ‘or else preventing
erosion of the floorr. The cobbles probably protect the
floor freh solutional proceeses by decreasing flow velocity
and the .rate' of solvent exchange.' Thus, in Shaft fo;
exemple; solution vili be widening the chennel, and the
'eunderfit nature of the stream probably neansAth clastic
material is relatively immobile. Mains does have' occasional
reaches of cobbles, but the flow regime will probably neve
‘Atheee fairly regularly. This woulad allow the floor to erode
- faster. fhe ﬁovnsfream decreese‘ in' width is probébly a
reflection of the exhaustion of eolutional potential. This

Pt
may also account for

‘the dowastrean decrease in paesage
height.
| Ihe existence of chemic%l, rather then flow thresho;ds
in ,eave streaums, and the failure of Shaft neenders to
“miérate,Jsuggest that incision is critical tb neanderidg in

f‘

>
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the solutional environment. 1In a »few locations notable
migration of néanders was associated with short, steep
reaches. It 1is pdssible thaf.floﬁ properties responsible for
Jailuvial meandering also create chenical effects which lead
to differential erosion similar to that active in alluvial
meanders. The <change from smooth to rough turbulent flow
will enhance solution rates, providing there 1is some
erosional potential in the stream. This is because a faster
rate of sol?ént exchange will occur - at the water-rock
interface. The change from subcritical to supercritical
regime may also enhance the rate of intake‘of carbon dioxide
at the‘water”surfacej |

Passaées showing an increase in width downstream (egqg.
Caths, Polld), have either an increase in corrasional
erosion or the addition of rejuvenating, aggressive' water.
The paradoxical difficul;y of explaining dovwnstream width
increase, led to a more defailéd inspecfion. Polld did show
av downstream decrease, until an inlet joined the strean,
‘where an increase in width occured. .This__lay be because
either the  influent water 15 - . aggressive, or the
ﬁischungscorrosion effec;. The mechanism of mischungs-
corrosion has been. accepfed (Howard 1966), but its
ilportance.relains unclear (Curl 1966a). It has been an
implicit assumtion  above, that litholoéy i;sélf is uniform
;thréughoug a reach and regibn. This need not be true and the

effect df iriaticn on solution may be particularly - (ed.

" Rauch and thte (1970) shoved the importance of lithology in

'
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controlling cavern development.

The difference between right and left bend width 1s
difficult to rationalise in terms of solutional processes.
The possibiiity ot a directional constraint on shelving
noted above, suggests some form of microstructure may exist
within individual bends.

The - radius of curvature over width proved greater than
for surface rivers (Table 16). The <closest reaches were
Shaft uﬁere width was enhanced due to clastic protection,
and Polld. The bed material of Polld was'notArecorded, put a
coarse clastic cover 1is recalled, in which caée' protection
may be occurring. This means that small cave streams are
characteristically narrower than surface rivers 1in relation
to bend curvature. The apparent accordance with bedrock
meanders is superficial, hbwever, because solutional erosion
does not depend on discharge alone, but 1is a continual
process. Caths showed a steady increase in width over halt
its length and little further change. Caths 1s a stroagly
scalloped stream, which is indicative of solutionél erosion.
The most likely explanation of ihcreasing width is that

downstream, increasing clastic protection of the bed - has

enhanced lateral erosion.



CHAPTER VI

s

In karst areas with only moderately dipping limestones
and con _.dant hydraulic gradient, caves may develop sinuous .
reaches.'Fractures control cave £rend, but the meandering
procésses -appear to be increasingly dominant in determiniug
passage form as the cave develoés. Eventually, fractures are
of local importance only, although they may p;omote stream
cutoffs. -

A compaBison of passage and joint orientatio; has to
remain qualitative, because the samples are generally not
independent, and joints.are not an homogeneous\populétioh in
terms of either ‘locatiog or axis The distribution of
paSsage curvature (change in direction) may be non-normal
and Kéy show high kurtosis under sone condition§ of
structural control. X |

The discrete orientation series can be readily obtained
from a straightforward field survey. Information COﬂtained
in the series can be resolved by tranéformafion,
eqg. individual bend form and Markov properties; T he vinitial
sampling interval/has to be determined by both the neeﬁ for

an adequate descrfption of the series and the necessity of

L

keeping measurement error within tolerance levels. The
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Nyquist freéuency and test for the Markov property provide’
tests for both these constraints.

Sinuesity of any wiggly line is eqgnal to the reciprocal
vector strength. In 1like manner; the ‘'sinuosity*' of
curvature and»change in curvature can also be calculated for
a particular series, to prodqee‘ three indeces closely
de 1b1ng rorm.'Sln0051ty shows an increase with age 1nvthe
present caves, but eventually should reacg an equlllhrlum
level.

The width of cave passages is‘a reflection of erosional
regime and history.(ﬂhere SOlutienal processes are dominant,
width reaches’ a maximum set ﬁot by -loss of erosional
capacity,‘ but rather by rate of downcutting (or ultimateiy
passége collapse). If bed seéﬁmentA prevents active -
downcutting in a stream, width may be some@hat_greater. In
an unbrenched conduit,'width decreases downsfream,' because
of 1loss ef solutional potential. Width is inversely re;ated

to wavelength in the present study, but this may be a result

. of local controls on the former. The wavelength probably has

some relation-to - -discharge, but is highly conservative over
time compared to width.
The development of meandering appears to demand active

incigion of the cave stream. Corrosional processes are in

part controlled bby flow'behaviour,”and thereforeverosional

' regimes malntalnlng evolutlonary meanders may be a response

~to flow structures similar to those responsible for alluvial

meanders.
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A specific case of meandér _evolution showed some
downstréam propogation of ' bends, and an - increase in
complexity, sinuosity and belt width, although no great
. change in wavelengph.

The Markov chain treament of meéndér series provides a
convenient 'method for form description, especially for
changes with differencing. The reduction of a series to
binary data, howevef, renders the process somewhat summaéy.

fhe curvature series 'is considered the most_suitablé,
for spectral analysis, but the spectrum is not comparable

with discrete\meander descriptions. The method is usefﬁiﬁfor

”

. ’ ¢ .
comparative purposes, however.
| A~
Reasonable velocity estimates can be made from scallop
lengths. A scallop-forming discharge can then be computed,

and although calculations show flows compatible with

. ’

hydrochemistry, problems arise in interiﬁ values of aepth.

Finally, these quantitative studies have demonstrated
{he importance of the field céntext, not only oﬂ ‘ocat n,
but in the intimate manipulation 6f the Aata.‘

Inevitably, much uork remains to. be done, for the
results raise more problems‘than they solve. Most of this‘
novel;methodology has not .been applied to alluvial rivers.
' Thiéwi;ould provide some'measﬁre of contrblhfor the pfesenF
results. Questions concerning the ' erosionmal regime of
solutional, fluvial systems remain, although techniques age’

already available which <could provide some "~ approximate -

answers.’
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Source ~.Situation Coef. Exp.
Inglis (1949) Alluvial Rivers 6.6  0.99
Leopold, Wolman (1957) Alluvial Rivers 6.5 1.1
Leopold, Wolman (1960) Alluvial Rivers 10.9 1.01
Carlston(1965) . Alluvial Rivers 16. 1.

- Tinkler (1971) Alluvial Rivers. . 12.43
Ferquson (1975) Alluvial Rivers 11.0 1. 141
Ferguson (1975) Alluvial Rivers 20.0 1.042
Dury. (1976) Alluvial Rivers 9.76 1.109
Ackers, Carlton(1970b) Flume 6.84 0.760-
Toglis (1949) Incised Rivers 2.06 1.27
Tinkler (1971) Incised Rivers ©19.70
Deike (1967) Cave Passages 5.5
Ongley (1968) _ Cavé Passages 5.5 ]
Deike, White (1969) Cave Passages 6.8 1.053
‘Deike, White (1969) Cave Passages 8.2 0.92»
Baker (1973) Cave Passages 7.4 1.15
Notes: , ‘ , '

‘ 1. Calculated from the' autocovariance
- 2. Calculated from the spectrum. ’
3. Missouri Caves

4. Other Caves.

Table 7T..
Values of the Coefficients and Exponents Relating
Meander Wavelength to Width in a Power Curve.

‘Yariable - Reach

' - Mains ‘shaft culla caths Polld

Width _ L ‘ -
Mean: . 0.65 0.89 0.70 0.51 .1.14
- Stan.Deviation:0.16 0.12  0.17 0.13 0.15
Skewness: 4.04  0.16 0.41  1.19  0.99
Kurtosis: - 2.68  5.33 2.49 18.36
 Gradient: . 0.014 0.026 0.024 0.031 0.019
Table 2.

Width and ‘Gradient Data for the Irish Caves.

D . -
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Reject Ho only for HoleE

Table 3.

Frequency Distributions of Passa

.and Jointing (J) with Mean-Direction.

ge Direction(B)

Bearing Reach
1°) Mains Shaft Culla caths pollad Holel HoleH HoleE Holed
B J B J B J B Jd B J B J B B-Jd B J
0- 9: 2 1 3.6 1 6
10-" 19: 2 3 3 3 7
20- 29: 1 2 5 3 3 8
30- 39: 6 7 2 4 6
40- 49: 9 6 4 5 1 8
50- 59: 14 6 8 2
60- 69: 4 7 .4
70- 79: 2 7 12 1
‘80- 89: 3 4 7 1 8 12 1
90~ 99:10 2 5 11 9 12 7 4
100-109: 5 6 2 1 10 17 7 11 1
110-119:. 4 12 11 10 10 32 9 4 8
120-129: 6 14. 7 6 14 11 8 10 6
130-139: 7 6 3 19 1.12 4 5
140-149: 6 g .2 1 13 13 1 7 4
150-159: 4 1 7 2 1 2 8 16 6 7 9 11
160-169:-6 1 9 4 3 S 2 12 23 -3 6 510
170-179: 8 5 8 2 2 8 5 14 9 222 9 14
180-189: 7 24 7 4 13 7 4 18 11 6 6 13 6
190-199: 7 16 8 35 10 3 5 6 8 2. .9° 21 8 3 6 7
200-209: 8 8 13 23 . 19 8 6 6 15 9 4 3. 6 8
210-219: 9 S5 129 315 10 11 16 12 5 1 4 1 6
220 229: 9 12 125 4 4 9 9 313 6 1 5 2 8
230-239:10 5 1 8 10 7 2 4 4 1 2 3
240-249:13 2 4 13 6. 7 2 2
250-259: 4 3 4 8 - 4 4 :
260-269: 7 .2 1 5 7 3 1 3
270-279: 7 .2 3 2 8 2 9 5.
280-289: 3 6 S5 1 2 1T 117 1
1290-299: 1 12 3 10 1 4 -4 2 32 5
300-309: 2 14 1 2 1111 "5
310-319: 1 1 1 1T 1
320-329: ' 1 4
330-339: 1 17 11
- 340-349: 3 6 110
350-359: 2 7 22 114
Mean _ - o B
Bearing: 186 169 203 209 219 T4, 148 88 149
Test for Normality - -
'Kolmogorov ) ) T
Stat. :1.058 .049 .064 .064  .044 .031 .044 .135 .095
Dat .10:.100 .106 .109-..121 .131 .077 .080 .108 .123



. Table 4.

Frequency Distributions of Curvature, Test for Normallty

‘ and Skewness and Kurtosis.

Change 1in
Bearing {°) Reach
~ Main Shaf Cull Cath Poll HlelL HleH Hle HleJ
-100  -91:
-90 -81: 2 1 1 0
-80 -71: 2 3 2 1 0 0
-70" -61: 1 3 2 1 4 3 1 1
-60 : -51: 2 3 0 2 5 2 3 2
-50 -41: 5 2 1 3 2 10 6 5 2
=40 -31: 7 5 1 5 .7 14 . 14 8 3
-30 =-21:16 7 8 7 8 15 22 10 5
-20 -11:24 20 - 23 13 7 31 23 12 6
-10 -1:25 21 23 21 7 38 54 21 24
0 9:19 25 32 24 12 59 38 34 26
10 19:15 13 17 9 17 27 2¢  ~12 15
20 29:12 .10 7 7 7 12 20 8 5
- 30 39: 7 7 "2 5 1 18 7' .5 3
40 . 49: 6 4 1 2 2 10 3 "3 2
50 59: 3 2 1 6 10 . 9 3 1
60 69: .3 2 1 1 S 3 0 0
70 79: 1 1 ' 0 1 0 2 1
80 89: 0 1 J "1
90 99: 1 0 ’
100 109: 0
110 119: 1
g
Test for Normality
Kolmogorov
Statistic:.052 .077 .034 .070 .076 .05¢ .060 .086 .133
Rej. Ho B
at 0.107? No No No No No No No No Yes
~ Skewness : .69 <2.6 2.4 1.3 -0.8 -2.1 -0.6 -1.0 2.4
Kurtosis :3.29 3.89 3.51 3.8

4 3.64 3.17 3.87 3 71 5 58
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' Change in
Change in

Bearing (°)

-140
-130
-120
-110
=100
-390
-80
-70
-60
-50
-40
-30
-20
-10
-0
10
20
30
40
50
60
70
80
90
100
110

Kurtosis :4.11 3.58 2.73 2.95 3.14 3.28 3.83 3.50 3.99

Main shaf cull Cath Poll HlelL HleH HleE Hled

-131:
-121:
-111:
-101:
-91:
-81:
-71:
-61:
-51:
-41:
-31:
-21:13
-11:20
-1:34
9:26
19:10
29:14
39: 4
49: 3
59: §
2

1

AN O -

69:
79
89: -
99:
109:
119:

Table 5.

Frequency Distribution of Change in Curvature amd Kurtosis.
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each Yariable
Vector Dlrectlon ‘calculated Overa;; Mean Bend
Strength Variance Sinuosity Sinuosity SinuQsity Wiggliness

Mains 0.546 63 1.75,1.83 1.83 1.37 . 4102
shaft 0.605 - 55 1.62,1.65  1.65 1.16 4071
culla 0.93& 8 1.07,1.07 1.07 1.04

Caths 0.874 15 118,114 1.1e 1.1

Polld 0.800 25 1.25,1.25 . 1.25 1.15

HolelL 0.490 78 2.00,2.04 2.04 1. 64 6507 -
HoleH . 0.527 71 1.88,1.90 1.90 - 5875
‘HoleE 0.427 ° 89 2.24,2. 34 2.34 1,24 7 3319
HoleJ 0.637 ~ 59 1.67,1.57  1.57 . 1.20 ‘
HoleN o N 1,92 1.32

Note: Calculated sinuosity is arranged as:
Sinuosity from Ferguson (1977), Reciprocal Vector Strength

Table 6.

Measures of Simnuosity.
/ -
. ¥ | ,

Reach ‘Direction Curvature <Change in Curvature
Mains - 1.831 1.123 1.1
Shaft ' 1.653 - 1.154 1.185
Culla 1.069 1.033 . 1.046
Caths 1. 144 1.078 1.140.
Polld : 1.251 1.210 1.438
HolelL 2.040 1.107 1.100
Holeh 1.899 1.103 1.112
Holee 2.343 1.108 1.108

Holej 1.569 1.089 1.125

Table 7. .
Sinuosity Calculated as Reciprocal Vector Strength of Dlrectlon,

. Curvature, and Change ‘in Curvature.
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Bearing Reach and T;anstormatlon
iDegrees) B dB ddB
. HoleE HoleL . HoleE HoleL . HoleE Holel
Jd E J EJD.e.SE.eeS).J F J F J F J E
0- 9: 1 1 .
10- 19: 1 8 5 11 /=70 -61: 1 1 3 1 3
20- 29: 3 2 10 /-60 -51: 2 1 5 1 1 1 3
30--39: 2 3 319 /=50 -41: 2 3 4 6 1 1 19
40- 49: 3 6 8 10 /=40 -31: 6 2 8 6 1 2 1 5
50~ 59: 4 O 6 S5 /=30 -21: 9 2 5 11 5 4 2 19
60~ 69: 1 ¢ 7 /=20 -11: 6 7 18 16 2 8 6 20
70- 79: 6 6 2 8 ,/-10 -=-1:14 9 17 21 3 7 12 33
80- 89: 4 3 211/ 0 9:20 17 23 31 9 15 6 36
90- 99: 4 7 2 9,10 19:12 4 13 15 '5 15 12 23
100-109: -1 3 5 1,/ 20 29: 5 3 5 7 6 11 7 18
110-119: 7 8 4 11 /7 30 39: 4 2 8 11 8 7 5 12
120-129: 1 4 3 16 / 40 49: 3 3 8 -3 3 4
130-139: | 1 14 7 50 59: 3 5 1 1 2 2 4
140-149: 1 6 1 8,/ 60Q. 69: 1 11 2.
150-1%9: 2 4 3 9 /70 79: 3 1 1
160-169: 4- 5 3 13 / 80. 89: - 1
170-179: 2 7 3 15 '
Table 8.

Comparison of Frequency Distributions of Bearings(B).,
curvature (dB), and Change in Curvature (Add4B) for
Jointed@ (J) and Free (F) Segments of Pa

Series HoleL ~ HoleE
Skewness Kurtosis Skeuness Kurtosis

B J: 1.93  3.20 -2.17 - 2.22

F: 0.56 2.63 ~0.46 1.72
a8 J: -5.50  2.40 ~4.48  3.29

F: -6.14  4.39 -8.87 3.74
adp  J: -1.58 2.04 - -4.36 2.31 /

© P: -5.28 2.07 -5.96  2.02
fa]

Table 9.

Skewness and Kurtosis of Frequency Distributioms in Table 8.
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Number gﬁ'Bea;ings per KS

1% class . Reject Ho

Reach 0 1 2 3 >3 statistic At .102
Mains obs: 87 50 34 5 4 :

Exp: 19 65 27 7 2 0.044 No
shaft Obs: 85 66 23 4 2 . :

Exp: 86 ° 63 23 6 1 0.008 No
Culla Obs: 117 27 22 7 7

Exp: 90 62 22 5 1 0.15 Yes
caths obs: 118 36 18 3 5 :

Exp: 103 58 ‘16 3 0 0.083 No
Polld obs: 116 44 17 3 0 : :

Exp: 111 54 13 2 0 1 0.028 ° No
-gQ;gL Obs: 41 63 47 22 17 - -

-Exp: 44 62 43 20 7 0.025 No
HoleH Obs: 65 .53 31 20 13 o '

Exp: 50 64 41 18 6 0.071 . No
HoleE Obs: 89 57 31 3 0

Exp: 88 } 63 -+ 22 -5 R 0.033 ‘ No
HoleJ Obs: 107 55 13 3 2 .

Exp: 104 57 15 - 3 0 0.013° No

Table 10. _ : : ,
Test for Poisson Distribution of PFrequency of Occurence of Number

of Bearings per D&gree Class. ©



-7

133

-
Reach No.of Beariggs in Five Degree Class KS Reject Ho
9 1 2 3 4 5 6 7 8 9 10 Test at ,102
Mains Ob: 0 3 7 7 4 4 6 3 1 0 1 :
' Ex;: 1 2 5 7 7 6 4 2 1 1 0 0.083 No
Shaft Ob: 0 5 518 5 9 2 1 0 1. 0
' Ex: 1 3 6 8 7 5 3 2 1 0 0 0.056 No
Culla Ob:14 5 4 2 1 0 3 1 1 5
Ex: 1 4 7 8 7 5 3 1 1 0 0 0.039 No
Caths obz10 8 2 3 3 5 1 0 0 3 1 |
Ex: 2 6 9 8 % 3 1 1 0 0 0 0.28 Yes
Polld Ob: 710 4 5 3 3 2 1 1 0 0 ,
~ Ex: 3 8 9 8 5 2 1 0 0 0 0 0.17 Yes
HoleL Ob: 0 0 0 2 4 5 4 6 8 0 7
’ Ex:-0 0 1 2 3 5 5 5 S5 4 :3 .0.10 TYes
HoleH Ob: 0 0 O 4 7 -5 S5 4 S5 3 3
Ex: 0 0 1 3 4 5 6 5 4 3 2 0.063 No
HoleE Ob: 3 5 6 110 S 1 3 2 0 0
Ex: 1 4 7 8 7 5 3 1 1 O_ 0. 0.12 Yes
HoleJ Ob: 7 6 7 5 3 2 2 3 1 0 0 -
, Ex: 2 6 9 8 5 3 1 1 0 .0 0 0.14 -Yes
L
Table 11.

Test for Poisson Distribution of Frequency of Jccurence of Number
of Bearings per Five Degree Class
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Yariable _ Reach , _
, Mains Shaft Culla Caths Polld Holel HoleN HoleE Holed
Meandb 21.90 24.04 11.10 16.52 26.21 19.07 18.81 19.12 15.47
(Deg) " 9.94 12.41 5.91 8.73 13.02 8.00 9.98 9.86 8.54
.45 .51 «53 «53 .50 JU2 .53 52 «55
Sdevdb 14.81 18.53 8.46 19.14 24.03 17.05 16.39 14.55 15.93
(Degq) 7.91 11.18 4.74 8.75°14.13 6.78 8.34 8.74 9.82
.53 .60 .56 .46 .59 .40 .51 .60 .62
Bendsp 6.13 5.36 6.70 7.52 4.74 6;70 -6.83 5.48 6.52
(m) 2.32 2.41 3.61 3.55 3,07 2.79 3.51 2.22 9.82
.38 <45 - 54 . 47 .65 .42 .51 .40 -43
Simuos 1.39 1.25 1.04, 1.10 1.15 1.44 1.31° 1.22 1.19
.38 .31 060 .07 .16 .43 .34 .26 <22
.27 «25 .06 <06 .14 «30 « 26 .21 .18
Arclen 8.64 6.89 6.98 8.25 5.50 9.71 9.07 6.89 7.94
(m) 4.07 3.97 3.70 3.79 3.74 4.62 5.09 3.59 4.17
47 .58 .53 . 46 .68 .48 .56 .52 <52
Orient 184.8 170.6 202.2 207.9 220.0 142.0 144.2 100.3 142.8
{Degq) 43.16 41.96 14.16 13.01 26.01 47.08 52.88 ‘80.30 42.50
.23 .25 .07 .06 .12 .33 <37 .80 .30
Meanwi 62.20 88.02 78.05 52.66 115.2
(cm) 13.50 9.92 13.08 7.50 9.70
. ‘22 011 ¢18 -1“ .08
Sdevwi 8.09 10.71 '6.21 9.42 6.59
(cm) 4.84 8,52 4,41 6.25 4,35
.60 .80 .71 .66 .66
. _Sdev.is standard deviation, dB is‘changé in bearing, Bendsp

is the linear bend spacing, Arclen
is the bend orientation, and wi is

is bend arclength, Orient
channel vidgh.,

After each parameter the values are arranged as:

Table 12.

Mean,

- Standard - Deviations

Series Mean

Series Standard Deviation
Series Coefficient of .variation.

Individual Bend Properties.

and Coefficient

[ 4

of

Variation

34

of



Yariable

Reach

N HoleE Holed

Mains Shaft culla Caths

Polld Holel Hole

Meandb 23.23 24,61 10.97 14.44 26.09 19.35 19.86 16.27 15.59

(m)

sdevdb 15.06 16.69

9.10 18.80 21.63
7.82 19.47 26.22

- 6.45

6.95

1.04
1.05

5.12 7.11
.40 6.29
1.15 1.44
1.14  1.44
6.00 10.18
5.05 '9.24

J

6.90
6.76

16.69 15.13 15.78

7.29

6.46

-20.67-23.42-11;23—18.59—26.32—18.80f17.71;22.19-15.37
: /

13.35
18.22

196.3 182.8 206.5 212.2 230.1 150.1 153.6 111.6 145.1

174.2 157.5°198.0 203.6 210.9 133.9 134.3 88.1 140.8

{Degqg) 14,58 20.52

Bendsp 5.61 5.95

(m) 6.61T° 4,73

Sinuos - 1.37 1.16
1 1.35

Arclen 8.00 7.07

(m) 9. 6.69

Orient

Meanwi

(cm)

Sdevwi 8.88 10.91

(cm) 7.37 10.50

8.00 11.82

4,43

7.01

60.69 87.11 77.13 49.47 114.5
63.59 88.99 78.98 55.84 114.8

7.10
6.12

After‘each'keyuord the values are arranged as:
v Right hand bend average
Left hand bend average KEY: see Table 12.

Table 13.

The Properties of Individual Bends, Right and Left.

135
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Feach Yariable .
Heandb sdevdb Bendsp Sinuos Arclen Orient Meanwi Sdevwi Lagq
Kains 1.00 1.00 1.00 1.00  1.00 1.00 . 1.00 1.00 0
~. 10 .25 ~v 35 51y .08 .38 .51/ .26 1
-, 16 =.19 ~,02 .28 .16 .08 L4 L1202
.05 -, 07  ~-.02 .37 .29 .21 .16 -.01 3"
~.21 =21 -.07 .15 .00 .52/ -.08 .00 4
4
Shaft "1.00  1.00  1.00° 1.00 1.00  1.00  1.00 1.%0 0
.13 .02 ~-.00 . .08 .23 .33 .52/ .01 1
L300 ~.09 .03 -.25 ~.20 .34 09 -.14 2
~-.08  ~,38 .08 -,y .14 -.09 -.28 -.18 3
-.03 .08 .55/ . 34 W55/ ~.26  =.33  -.20 4
.15 ~,09 W14 .00 .35 .63/ .-.23 .06 5
Calla 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00, 0
.02  -.08  ~.08 .16 -.08 w11 .75/ -.05 1
~.16 ~,08 =.39  ~.09 ~.48/ .04 .50/ .06 2
.13 .10 27 -.13 .26 .15 .34 -.35 3
-.38 . .02 L240 =,07 .28 w17 .26 -.05 4
01 -, 0u -04 5,05 .06 -.44ys 27 -.14 S
Caths 1.00 . 1.00 1.00 . 1.00 1.00 1.00 1.00 1.00 0
S -, 20 25 = 10 .20 ~.05 .10 -.24 .13 1
~.23 -.14 ~.14  ~.48 =~.006 .11 .34 .39 2
.01 ~229  =.10 ~.26 -.14 .19 -.19 .02 3
Polld 1.00 1.00 1.00 1.00  1.00 1.00 1.00 1.00 0
-,03 11 19 ~.13  -.26 .09 .38 -.2¢ 1
~o 14 ~,07 .03 L0997 01 -,12 .18 c12 0 2
.22 L04 T ~.05  ~,02 -.08 ~-.45¢, .10 -.15 3
~e09  ~-,09 ~,16 ~,33 -.22 .08 -.09 -.16 4

# signifies autocorrelation significant at .05
KEY: see Table 12. ' :

Table 14a. ‘ ‘ 7
Autocorrelation of Bend Properties: Continued overleaf.
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Reach Variable
Meandb sdevdb Bendsp Sinuos Arclen Qrient Lag

HoleL 1.00 1.00 1.00 1.00 1.00 1.00 0

.19 .22 .07 .35/ .28 .33/ 1
-.05 -.22  -.13 .07 .12 =010 2
-.07  -.04  -.02 .32/ .20 -.18 3
.07 e .10 .25 -.02 -.18 4
-.22 .12 -.18 .07 -.10 -.07 5 .
-.28 -.11  -.25 .14 .04 04 6
-.13 -.11 -.03 26 -.17  -.16 7

HoleN 1.00 1.00 .1.00 1.00 - 1.00 1.00 0
<17 .02 -.05 .22 .10 .35/ 1

.24 =222 .06 . ~.41/ -.22  -.07 2

-.05 -.13 <10 -.43/ -.17  -.06 3

<11 .03 .26 .05 .29 -.12 4

.06 .30 -.10 .49/ .17 -.u4y 5

.08 .02 -.09 .04 -.02 -.28 6

.21 -.45/ .06 -.42/ -.13  -.07 7

HoleE 1.00 1.00 .00 1,00 1.00 1.00 0
.13 -.00 .28 -.08°0 .M .27 1

.09  -.17 -.07 -.30 -.17 -.23 2

.05 .00 < .09 --=19 -.08 3

.13 .09 -.05 -.02 -.05 -.13 4

.04 .02 -.42/ -.02 -.39/ -.11 5

HoleJ 1.00 1.00 1.00 1.00 1.00 1.00 0
-.03  -.02 | .09 .19 -.02 ,63/ 1

-.12 -.48/° .04 -.30 .07 L1202

-.00 .05  -.24 -,00 .01 <04 3

/ signifies autocorrelatlon 51gn1f1cant at .05
KEY: see Table 12. '

&

~

Table 14b.
Autocorrelation coefficients of Ind1v1dual Bend Propertles

-at Twenty Percent Lag.
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Irish Data

Sdevadb .57/ 1.00

Bendsp -.54/ -.16 1.00

Sinuos .24 .38/ .05 1.00 ,

Arclen -.39,/ <.01 .90/ -48/ 1.00 -
Orient .22 <11 .00 ~<25/ =-.M 1.00 .
Meanwi -31/ .28/ -.25/° ".06 -.20/ .08 1.00
Sdevwi <24/ <43,/ - 06 .36/ .18 .03 -.00

Meandb Sdevsb Bendsp Sinuos Arclen Orient Meanwi

Gardners Data

Sdevdb .64/ 1,00

Bendsp -.29/ .16 1.00

Sinuos .35/ .45/ .15 "1.00

Arclen .10 .31/ .86/ .62/ 1.00
Orient -.08. -.01 .04 -8 T=.01

Meandb Sdevdb Bendsp Sinuos Arclen

/ represents a significant co;felation at .05,

Table 15. o ,
Correlation Matrices for Individual Bend Properties.

Reach
Mains Shaft Culla Caths Polld
Mean Sdev  Mean Sdev Mean Sdev Mean Sdev Mean Sdevy
27.3 72.8 5.5 3.4 17.5 18.0 17.9 13.5 3.9 2.2
8.6 5.3 6.2 4.9 "14.4 13.0 10.0 . 4.6 3.5 1.6
17.6 '50.4 5.8 4.1 15.9, 15.5 13.9 10.6 3.7 1.9

Values are in Cclumns-arranged as:
Right hand Bend -
Left hand Bend e
-All Bends

-

Table 16.
Mean and Standard Dev1at10n of Radlus of Curvature over Width for

Individual Bends.
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Class : Reach
Range(cm) Mains Shaft Culla Caths Polld
40- 50 3 0 0 8 -0 A
60 10 0 2 7 0
70 7 2 6 0 0
- 80 2 2 9 . 1 4]
90 ~2 10 5 0 0
100 1 12 1 0 1
110 0 1 3 0 6
120 0 0 0 0 8
130 0 0 0 0 5
140 0 0 0 0 0
150 0 0 0 0 1
Table 17.

Frequency Distribution of Widths for Ind1v1dual Bends.

—~——

o

Class ’ Reach
Range (°) Mains Shaft Culla Caths Polld Holel. HoleN HoleE HoledJ
0.0- 2.5 1 0 2 0 0 0 1 0 1
' 5.0 "0 1 2 1 0 3 1 4 1
7.5 0 3 4 0 o 1 4 -0 1
10.0 1 3 5 2 1 1 4y 1 0
12.5 1 0 4 5 2 2 2 1 3
15.0 2. 1 -3 1 1 5 0 2 3
17.5 5 3 2 0 2 2 4 2 0
20.0 2 ) 2 2 0 9. 4 5 3
22.5 4 1 1 1 &0 7 6 4 3
25.0. 0 1 0 2 5 0 2 2 0
27.5 2 2 1 0 0 1 2 3 0
30.0 2 1 0 1 -0 1 .0 0 1
32.5 "1 1 0 - 0 3 4 3 1 0
35.0 1 2 0 0 1 2 2 0 1
37.5 .0 2 0 1 1 0 0 1 0
40.0 1 0 0 0 1 0 2 0 0
42.5 2 0 0 0 0, O 0 0 0
45.0 0 0 0 0 -0 0 0 0 0
47.5 0 - 1 0 0 0 0 0 1 0
50.0 0 1 0 0 0 0 0 0 0
>50.0 0 o 0 0 1 0 0.4 0 0
Table 18.

Frequency Distribution of Curvature
. for Ind1v1dual Bends. -
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Class ‘ Reach '
Range (m) Mains Shaft Culla Caths Polld Holel HoleN HoleE Holed
4- 6 %% 4% 6 2% 8 - 4 2%% 5 3 -
8 0 5 01 2 1* 3% 6 ¥ 2 0
10 6 = 6% .51 0 6% 7 6 5% 41
12 5 6 4T 21 3 3 6 9 21
14 - 2I 2 1 31 1 3 4 0 01
16 41 1 3 01 0 7 0 2 47
18 41 1¢*) O 11 0 01 71 0 01
20 01 0 1 21 0 81 01 3 11
22 . 01 1 2 2 1 21 1T 1 2
24 . 01 0 2 1 0 0 0T 0 1
26 11 0 0 0 0 0 11 0 0
28 01 1 0 0 0 0 . 21 0 0
30 0 0 2 0 0 1 1I 0* 0
32 0 .0 0 1 1 0 01 0 0
* signifies a spectral peak-
I signifies a broad spectral peak
Table 19. ”~ :
Distribution . of. Wavelength (2 x Bendspacing) ‘for Individual
Bends, and Peaks Spectrum of Curvature Series.
Class Reach . :
Range (m) Mains Shaft Culla Caths Polld HolelL HoleN HoleE Holed
2- 3 3x% 4% 6 2% 8 4 2%% 5 3
4 0 0 0 0 0x* . ox* 3% 0 0
5 2 8 * 4x 2 6% 4 6 b* 21
6 5 6 . 51 T 2X 4 4 -5 5 31.
7 0I 0 01 01 0 0 2 0 01
8 31 3 4 31 0 4 0 3 1T
9 31 1 0 I 0 41 3T 1 41
10 - 0I 0(*) O 01 0 . 0x 21 0 01
11 © 21 1 3 2 1 4x 11 5 0
12 - 21 1 2 -3 1 3 31 o1 2
13 01 -0 0 0 0 0 1I 0 -0
14 31 0 0 - 0 0 4 2I 0 1
15 11 2 2 0 0 1 01 0 0
16 0 0 o 0 0 0 11 0 0
17 0 0 0 1 0 4 - 31 0 0
18 1 1 0 0 1 2 1 - -1 1
19 0 -0 0 0 0 0 11 0x* 0
20 0 0 0 0 0 0 11 .0 0

* signifies a spectral peak
I signifies a broad spectral peak

‘Table 20. , ,
‘pistribution” of Individual 3end Arclength, and Peaks of Spectrum
of Curvature Series.
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Iramnsition
Transition Probability
_ Hatrix - Batrix
‘Heach #+ #+- -- -+ Ao .
Mains 66 10 61 9 .87 .13 .87 .13 .
Shaft 55 10 54 .10 -85 .15 .84 .16
Culla 48 14 46 14 <77 .23 .77 .23
Caths 29 12 45 12 <71 .29 .79 .24
"Polld 30 11, 32 11 .73 .27 .74 .26
‘HoleL 109 15 111 14 . .88 .12 .89 .11
HoleH 109 12 94 13 -90 .10 .88 .12
‘HoleE 51 8 58 8 .86 .14 .88 .12
Holed 41 5 45 4 «89 .11 .92 .08
, Limiting _
Reach Yector~ Chi? on chiz on
+ - Qrder Markov Statnry.
Mains .49 .51 5 80.87/ 5.35/
Shaft .50 .50 5 66.17/ 1.217
Culla .51 .49 4 35.57/ 2.80
Caths .42 .58 4 46.74/ 3.9/ .
Polld .49 .51 4 21,81,/ 9.93/
HoleL .48 .52 5 167.58/ . 26
~.HoleH .55 .45 5 137.66/ .89.
HoleE .47 .53 5 88.52/ 8.08
Holed .43 .57 6 77.32/ 5.69

Chi2 ‘Test: / signifies Ho rejected
respectively for Markov
and symmetry test.

.

" 1. Deviation from Mean Direction.

Table 22.
Transition,

Transition Probability and Transition
Markov

b
.45
.43 -
<39 .
«30 .
.36 .
<44
.48 .
41 .
<43

symmetry

Yector

Chiz on

11
.26
.25
.25
.20
.24
.25
.27
.24
.24

.25
"o 25
.30
« 26
« 25
.23
«26

.26

0‘2’3 N

~

.00
.01

2.34
.05
.00
.27
.21
.11

at .5,1‘05 and .1

property, stationaiity

Matrices, Limiting Vector, Order and Test for

~Stationarity and Symmetry for Deviation from 'Mean Direct

Szmmegix
.08 :

T 142

Proportion
Property,
ion,
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. Transition Transition
Transition Probability Proportion
Matrix . Matrix Matrix
‘Reach +t +- "-- -+ AL et ¥ - -z -s

Mains 49 15 65 16 .77 .23 .80 .20 .84 .10 .45 .11
Shaft 48 17 46 17 -74 .26 .73 .27 -38 .13 .36 .13
Culla 35 -23 40 23 ° .60 <40 .63 .37 «29 .19 .33 .19~
Caths 30 18 30 19 .63 .38 .61 .39 <31 .19 .31 .20
Polld 26 19 18 20 .58 .42 .47 .53 ° .31 .23 .22 .24
HoleL 98 34 82 34 - .74 .26 .71 .29 .40 .14 .33 .14
HoleH 70 37 83 37 .65 .35 .69 .31 «31 .16 .37 .16
HoleE 48 18 39 18 -73 .27 .68 J32 . .39 .15 .32 .15
Holed 33 17 27 17 .66 .34 .61 .39 .35 .18 .29 .18

Limiting - Symmetry
Reach Vector Chi2? on chi2 on" Vector .cChiz on
+ = ~Order Markov Statnry. t+ -- Symmetry
Mains .46 .54 4 .72.37/ " 3.45 . .21 .29 .98
Shaft .51 .49 g4 27.43/  2.95 .26 .24 .02
- Culla .48 .52 3 9.75/ 3.4 .23 .27 .22,
Caths .51 .49 3 6.01/ 3.73 .25 .25 .00 -
Polld .55 .45 2 - ..95 3.28 .29 .21 1.65
HoleL .53 .47 g4 39.41/ 10.65/. .27 .23 .40
HoleH .47 .53 3 38.24/ 6.18/ .23 .27 .36
HoleE .54 .46 ¢ 15.26/ 1.72 .28 .23 .54 .
Holed .53 .47 3 4.56/ 2.38° - .27 .23 <50 ’

Chiz Test: / signifies Ho rejected at .1, .05 and .1
resﬁectively for Markov property, stationarity
.and symmetry test.

2. Curvature

Table 23. : : S
Transition, Transition Probability and Transition ‘Proportion
Matrices, Limiting Vector, Order and Test for Markov Property,
Stationarity and Symmetry for Curvature .



Trangition Prokability
Matrix Matrix
Reach ¢+ +- -- -+ it - o= ozt
Mains 32 33 46 33 .49 .51 .58 .42
Shaft 34 28 37 28 «55 .45 .57 .43
Culla 26 32 30 32 .45 .55 .48 .52
Caths 22 26 21 27 .46 .54 .44 _56
Polld 19 22 19 22 <46 .54 .46 .54
HolelL 65 65 52 65 .50 .50 .44 '.56
HoleH 60 54 57 55 «53 .47 .51 .49
" HoleE 34 30 29 30 «53 .47 .49 .51
Holed 21 26 19 27 .45'.55'.41‘.59
Limiting . . :
Reach Vector Chi2 on chiz on
+ - Order Markov Statnry.
Mains .45 .55 2 5.87/ 4.15/
Shaft .49 .51 2 2.61 . 2.13
.Culla .48 .52 2 . .29 .3.51
Caths .51 .49 2 1.09 .57
Polld .50 .50 2 .44 .55
Holel .53 .47 .2 3.50/ 2.46
HoleH .51 .49 2 «23 .85
HoleE .52 .48 2 ~ .23 5.02
Holed .51 .49 2 2422 4,53/

. Chi2 Test: / signifies Ho rejected

and symmetry test.

3. change ‘in Curvature

Table 24,

Transition,

- Transition

Probability

" respectively for Markov

and Transition

.22 .23

sition

Tran

Proportion

trix

Ma

++ 4

27 .22
22 .21
23 .27
23 .27
26 .26
27 .24
28 .24
23 .28

Vector

Tz =t
.32 .23
«29 .22
.25 .27
.22 .28
e 23 W27
.21 .26
«25 .24
.24 .24
.20 .29

symmetry

Chiz. on

++
.20
.24
.23

.25

.25
.28
.26
.27
.27

-30
.26
.27
.24
.25
.22
.24
.23
.23

Hatrices, Limiting Vector, Order and Test for N
Stationarity and Symmetry for Change in Curvatire

Symmetry

1.61
.09

.26
~03
.00

.62
.03
.31
12

atm.1, .05 and .1
property, stationarity

arkov

144
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ns Shaft Culla Caths Polld HoleL HoleH HoleE HoleJd

Mains Sha

++ 217 -7 =13 1 -4 =11 =39 -3 -8

- 4 -8 -6 -15  -14 =29 . -11  -19 -18
tt,-- =13 0 -15 0 =19 -14 <18 -40  -50 -22 -2
-4, 4= 12 14 18 - 13 17 39 49 200 25

Transition natrix

#¢ =211 -.05 -.10 .01 .04 -.04 -.17 -.02 -.08
o= .03 -.06 -.05 -.15 -.16, -.12 -.05 -.15 -.19
tH,om -.08 -1 =015 014 =21 —96 =.22 -.16 -.27

X .90 .87 .80 .82 <72 .82 .76 .81 .71
-+,+- "' .08 .11 .15 .14 .21 16 .22 .16 .27

x 1.64 1.71 1.66 1.5 1.79 2.35 2.97 © 2.29 3.82
Transition Proportion Matrix v

1. From Deviation from Mean Direqtion to Curvature

- Mains Shaft Culla Caths Polld Holel HoleH HoleFE Holed
++ -17 ° -14 -9 -8 -7 -33 -10 -14 -12

-- -19 -9 -10 -9 1 -30 -26  -10, -8
++,-- =36 -23  -19 -17 -6  -63 -36 -24 ¥ -29

. =t,+~ 35 22 18 16 5 62 35 24 19
Transition‘uatrix 

4+ =12 .11 -.07 -.08 -.08 -.13 -.04 .11 -.13
== .13 -.07.-.08 -.09 © .01 -.12 -.11 -.08 -.08

t+,-- -.24 -,18 -,15 =17 =07 -.25 -,16 ~.20 =-.21
X .69 .76 .75 .72 .87 .65 L7 12 .67
-+,+~- 24 18 .15 <17 .07 .25 <16 . L,20 .21

x - 2.14 1,66 1.40  1.45 1.14 1.92 1.48 1.67 1.58
Transition Proportion Matrix

2. From Curvature to Change in Curvature

Values are numerical‘increases froa matrix to matrtix,
- except for those marked 'x', which give ~
relative increases.

Table 25. - -

Change in strength. of the Correlation Diagonal (++,~-) and the
Anticorrelation Diagonal (+-,-+) for the Transition Matrix and
the Transition Proportion Matrix in Transformation from Deviation
From Mean Direction to Curvature to Change in curvature.

R
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Reach
Yariable , Shaft Culla Culla Caths Caths Caths Gardner
Ht. above stream 1-10 1-10 40-60 1-10 40-5S0 90-100 1-10
(cm) ,
Calculated Depth 2.6 0.7 0.7 2.8 4.5 5.7 . 2.4
(cm) )
Width 89 60 85 50 51 50 33
{cm) .
Slope : .026 .024 ’.024 ,031 .031 .031 (2.03)
Scallop Mean 6.2 11.6 12.4 5.2 4.1 . 3.7 5.3
(cm) ] ] ’ _ - .
Velocity 5.2 22.5 23.0 60.3 80.0 90.6 52.5
(cn/s) .
Calc.Discharge 12.4 .96 1.3 8.38 18.4 25.6 (?24.14)
tL/s) ' , : .
Obs. Discharge 1,421 2 11.503
8.91 3 1.24
Y I B
.890 . i
1. Discharge calculated as percentage of flow
immediately downstream at flrst waterfall.
2. Presumed base flow.
3. Plood stage.
4. Calculated from measurements at svallet.
\ 2
Table 26.

The Calculation of Scallop-forming Dlscharge froa Scallop Length
and Mannings Equation. . .
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Mean direction

—

Sampling point

Channe!l centreline

Following state

T . Anhconelohon

/ -diagonal

lnitial T+

state 7 +—__ Correlation
- diagonal
Channel distonce units v Tronsition Transition
: > - frequency proportion
matrix matrix
q0 + - ~+ -
» + 7 , I 41 ,.06
o (0) ‘
o> 0 - 2 ‘ 7 12 , 4l
fal X .
-90 k‘ '
,}/’
‘ ' N
- + 7 , 2 44 ’ A3
° (b) - —
o -2 L 5 .13' 31
o : :
a0} R |
-+ 513 33| .20
® o ' - 4 3 ,.27! .20
(=] : .
©
(a1
e
90t :
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DATA AVAILABILITY
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The bearing, width and individual bend data ard stored

¥

Oon a Geography Department Tape held by the University of
Alberta Computing Services; This“is an MTS tape,.documented'
" under *FS, a straightforward tape and file handling rouline.
The designation of'this tape and the filenaaes under uhich

data are stored are available from-the author on request..
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